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DOCTOR OF PHILOSOPHY 
by 
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Department of Metallurgical Engineering 
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December 1979 


High temperature deformation behaviour of the Pb-Sn 
eutectic alloy has been studied in this investigation over 
wider ranges of grain size and temperature than hitherto 
reported in the literature. Specimens with equiaxed grains 
in the grain size range of 9.7 to 32.0 p,m ware produced by 
means of deformation processing of the cast alloy alcxig 
with different thermal treatments. The temperature range 
investigated was 0.65 to 0.97 Tj^ where Tj^ is melting point 
of the eutectic alloy in K. Mechanical testing was carried 
out in tension or conpression by means of differential 
strain rate, constant cross head speed and stress relaxa- 
tion tests. Internal stresses were measured by the stress- 
dip test. Microstructural observaticns were made both in 
longitudinal and transverse sections of specimens in order 
to correlate their flow behaviour with microstructures. 



It is observed that heavy reduction of the cast 
alloy by extrusion or rolling results in mostly non-equiaxed 
microstructures. Specimens in the as worked state exhibit 
some degree of anisotropy in strength, strain hardening or 
softening upto seme strain and microstructural instability 
during the subsequent mechanical testing. Because of this 
non-steady state nature of deformation, the mechanical 
behaviour of as worked alloy cannot be characterized in 
terms of a unique stress (q) - strain rate (e) relation that 
is typical of high temperature steady state deformation 
behaviour. Even specimens with equiaxed grains in the as 
worked state did exhibit non-unique a - e relaticn. it is 
only after some prestrain in the subsequent tensile or comp- 
ressive testing of the as worked alloy that steady state 
deformation is observed with unique 0 - e relation which is 
independent of the cross head speed and path through which a 
given strain rate is achieved. Thus, specimens having 
equiaxed grains of varying grain size obtained through 
prestraining of as worked specimens and suitable annealing 
treatments were used to study their steady state behaviour. 
In order to explore the deformation behaviour in the low 
strain rate range, stress relaxation test was also utilized. 
But anelastic effects are dominant in stress relaxation 
tests at high temperatures for smaller grain sizes. Due to 
this reason stress relaxaticn test is found to be feasible 
only in the case of relatively larger grain sizes. 
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Two regions are observed in the ct - e plots of 
steady state deformation of specimens with equiaxed grains 
at various temperatures. The flow behaviour is rate sensi- 
tive at lower strain rates (region II) while rate insensitive 
flow is observed at higher strain rates (region III). In 
the superplastic region II, the strain rate sensitivity 
index m is 0.6 + 0,1 for all grain sizes and temperatures 
studied, whereas the grain size exponent is 3.34 + 0.23 which 
is independent of temperature. A noteworthy feature is that, 
in region II, two distinct activation energy (Q) values are 
observed depending on test temperature range. Below 0.89 
Tj^, the Q value is 44,7 + 1*1 kJ/mole, while above this 
temperature, it is 31,1 + 3,9 kJ/mole. The experimental 
constitutive equations of region II are not. in agreement 
with any of the models of superplasticity proposed so far 
in the literature. 

In region II, the magnitude of internal stress is 
found to be a significant fraction of the applied stress 
( cr) and its value is as high as 0.8 a depending on strain 
rate, grain size and test temperature. The strain rate 
sensitivity index, grain size exponent and activation 
energy based or. effective stress are 0.82, ™ 2.8 and 
::33,5 kJ/mole (below 0.89 T^) respectively. The effective 
stress-strain rate data o; j in good agreement vjxth the 
model of Ashby and vcrrall for region II. 
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In region III, the observed m, Q and p, values are 
0,09 + 0.01, 100.0 + 5.3 to/rmlc; and 1.00 + 0.72 respectively. 

These observaticns in region III are consistent with the 
prediction of Gif kins recovery creep model involving grain 
boundary sliding. 

Deformation behaviour of specimens with banded 
structures as well as grains elongated in one or two 
directions were also investigated, strength anisotropy, 
non -unique a - s relation and rapid microstructural instabi- 
lity are the observed features. As a consequence of 
superplastic deformatiai, the grains tend to become equiaxed. 



CHAPTER I 


INTRODUCTION 


There are increasing demands to understand the 
limitations in the service life of many engineering components 
which exist in stressed state at elevated temperature. Some 
of the examples are nuclear fuel element cladding and gas 
turbine blades , in which the material behaviour is an 
integral part of overall performance of the structural 
ccanponent. Much of the existing fabric of our knowledge 
about the deformation of crystalline materials at elevated 
temperature derives from pure metals along several distinct 
lines which are being brought to form a complete theory [1-6] . 
The distinguishable feature of low and high temperature 
deformations is that any applied stress at a low enough 
temperature results in a unique strain however long we leave 
the stress on, which is no longer true when the test is done 
at high temperatures, especially above 0*5 T^ where T^ is 
melting point in K. Any given stress held for some time 
will give increased strain with increased time at an 
elevated temperature. This time dependent deformaticn, 
called creep, is represented by a plot of strain as a 
function of time and is known as creep curve correspcnding 
to the stress under consideration. Generally, the creep 
curves of annealed crystalline materials exhibit three stages; 
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These stages are; primary (or transient) creep in which the 
creep rate continuously decreases with time; steady-state 
(or secondary) creep having minimum and constant creep rate; 
and lastly^ the tertiary creep in which the creep rate 
increases with time upto the point of fracture of the material. 
Besides applied stress, the temperature, as an independent 
variable, influences very much the nature of creep curve. 

The extent of these three stages thus depends on the stress 
and temperature . 

1 .1 STEADY STATE CREEP 

Since the tertiary creep leads rapidly to large 
strains and structural failure, whereas transient creep is 
often rather small relative to the strains produced after 
long times from steady state behaviour, the major interest 
usually centres on the steady state region of creep for 
structural applications. Due to the fact that steady state 
creep rate increases markedly with both tempei'ature and 
stress, it is of interest to know the exact relationship 
between these parameters along with the structural para- 
meters, if any, that may influence the creep behavi'our of 
materials. These relations between different parameters 
are known as constitutive equations, which are of immense 
use in engineering design against creep at elevated 
temperature in particular. 



It is now well recognized that, except in the high 
stress range, the steady state creep rate ( e) versus stress 
( a) relation at any given temperature can be represented by 
a power law [e.g. (7)] 

e = K (1) 

where K is a constant that depends on structure and temper" 
ature and n is the stress exponent. Further, creep being a 
thermally activated process, the steady state creep rate is 
expressed as a function of temperature (T) and stress by 


e = K exp(" Q/kT) 


(2) 


where k is a constant, Q is the activation energy for steady 
state creep, and k is Boltzmann constant. Further modifi- 
cations in the creep relation have been suggested by 
incorporating the modulus of elasticity, temperature in the 
preexponontial factor and diffusion coefficient in order to 
improve the correlation of secondary creep rates among the 
various metals and alloys [2, 8, 9]. Finally in the dimen- 
sionally correct form [2, 4, 10, ll], the most common 
empirical equation used in the creep literature for steady 
state creep region is 


K 


e = 


D Eb 
o 


kT 




n 


e 


-Q/kT 


( 3 ) 


•*0 /kT 

Here E is the Young's modulus, d a is the diffusion 

II 

coefficient, K and n are non-dimensional constants, and 
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b is burgers vector or atom size. Further improvements in 
the correlation of steady state creep data among the various 
metals and alloys may be achieved througii the use of stacking 
fault energy as another useful parameter [12], An alternate 
expression was suggested by Garofalo [l3] to describe the 
steady state creep behaviour over the whole stress range. 
However, due to lack of physical basis for this type of 
expression, the power law relation is generally preferred 
in the lower stress range. More recently, a unified descri- 
ptim of steady state creep has been proposed [14-16] which 
incorporates the effects of recovery and dislocatim glide. 

In this approach, the glide process is driven by the 
effective stress, cr^, which is the difference between the 
applied stress, 0 -, and the internal stress, This 

approach leads to the constitutive equation in the form 


K D Eb 0 - 0. n 

e = 


’•Q At 


kr 


E 


(4) 


I I 

where n and 'Q represent the parameters based on effective 

stress such treatments have contributed 

e 1 

towapds a better insight into the nature of operative high 
temperature creep mechanisms. The consideration of 
effective stress or internal stress in place of applied 
stress is thermodynamically equivalent and the parameters 
of the constitutive equations based on applied, effective 
or internal stresses are interrelated [l7 ] without any 
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additional assumptions on the mechanical equation of state. 
From the engineering convenience point of view also, eqn. (4) 
is attractive because of some advantages such as represen- 
tation of steady state creep data by a single relation over 
the whole stress range especially for two phase materials 

[I8-20]. 

1 , 2 GRAIN SIZF EFFECT IN STEADY STATE CREEP 

The results of many investigations adequately 
support validity of eqn. (3) irrespective of the grain size, 
provided the grain size is above a critical level. For 
example, the steady srate creep rates for single crystals of 
Al and Al-Mg alloys do not differ f2l] by more than a factor 
of 2 frnm those of polycrystalline test specimens when 
tested over a wide range of stress. However, current 
evidence [ 22 ] suggests that below a critical grain size 
( IV loo (im) the steady state creep rate increases with 
decreasing grain size at a given stress level. This depen- 
dency of creep behaviour on grain size is more significant 
below rv 10 |j,m. The steady state deformation of these fine 
grained materials enconpasses an important regime of high 
temperature deformation known as supetplasticity . In the 
region where the creep behaviour is dependent on grain 
size (d), the empirical relation governing the steady state 
creep behaviour is written in the non-dimensional form 
[ 11 ] as 



e 


“Q/kT 


(5) 


A D Eb 
o 

kT 



(^) 

E 


n 


e 


where p is the grain size exponent and A is a dimensionless 
constant. An important feature of the creep behaviour of 
fine grained materials is that log cr versus log £ plot 
exhibits a sigmoidal behaviour (Figure 1) with different set 
of parameters for each of the three regions. In region II, 
the strain rate sensitivity index 'm' (= 1/n) is signifi- 
cantly high leading to a viscous behaviour known as super- 
plasticity. On the other hand, regions I and III exhibit 
relatively rate insensitive flow behaviour characteristic 
of the usual plastic deformation. Identification of the 
characteristics of different regions along with the operative 
mechanisms of flow is an objective that is being actively 
pursued by several workers, as is evident from the current 
literature, several reviews [23-31] on the various aspects 
of deformation behaviour of fine grained materials exist 
in the literature, some of the observations pertaining to 
different regions of the stress-strain rate plots as well 
as the mechanisms of flow that have been put forward to 
account for these features are controversial and further 
work needs to be done for a better understanding of the 
flow behaviour of these line grained materials. Since the 
present investigation is cancemed with relatively fine 
grained materials, some of these aspects pertaining to the 
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high temperature ateady state deformation of only the fine 
grained materials are considered in the subsequent sections. 

1 . 3 M ECHANISMS OF S^F.?vDY STATE FLOW IN FINE GRAINED 
MATERIALS 

In view of their relevance to the present study, 
various proposed mechanisms of steady state flow in fine 
grained materials are being presented here . Due to the 
fascinating phenomenon of superplasticity , there has been a 
greater interest in exploring the mechanisms of flow in 
region ll in comparison to the other two regions of the 
deformation behaviour of fine grained materials. The 
mechanisms of superplastic flow are considered first and 
then the mechanisms of other regions, primarily from the 
viewpoint of constitutive equations. Recently, Gif kins and 
Langdon [32] have surruiaariscd the various mechanisms of 

t 

superplasticity along with critical comments on the draw- 
backs of various models, one ccaranon aspect of all these 
theories of superplasticity is that grain boundary sliding 
plays a significant role in region II. Although mechanisms 
based on direct dislocation movement have also been 
proposed [33, 34] for superplasticity, the overall experi- 
mental observations do not seem to favor such mechanisms, 

1.3.1 Diffusicnal Flow (N-H and coble creep Mechanians) 

This mechanism is based on stress directed flow of 
vacancies either through the grains or along the grain 



boundaries. The grain boundaries perpendicular to the 
tensile axis act as sources of vacancies during tensile 
loading and the counter flow of atoms takes place into these 
boundaries from those parallel to the tensile axis leading 
to grain elongation in the direction of loading. In the 
Nabarro [35 J ~ Herring [36] mechanism / the diffusion path is 
through the body of the grain, while in the coble [37 ] 
mechanism it is along the grain boundaries. 

It is now well recognized that pure diffusional 
flow is inadequate in giving rise to large plastic strain 
in polycrystalline materials other than the bamboo-type 
grain structures. Grain boundary sliding is an inevitable 
accompanying mode [38-4 2] of the diffusional flow and which- 
ever of these two is slower under a given set of conditions, 
that one could be the rate controlling mechanism. 

1.3.2 The Theories of Ball and Hutchison, and Mukher jee 

These theories are based on grain boundary sliding 
with accommodation by dislocation motion. According to 
Ball and Hutchison [43], a group of grains slides as a unit 
along seme common direction. A grain, which does not have 
its boundary along the common sliding direction and is 
across the sliding path of the group, acts as an obstacle 
to the sliding process. This leads to stress concentration 
resulting in emission of dislocations from triple points 
of the blocking grain and the dislocations move to the 
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opposite boundary until the back stress prevents further 
activation of the source and sliding steps. The leading 
dislocation in the pile up then climbs into and along the 
grain boundary. This results in further sliding at a rate 
governed by the kinetics of dislocation climb along grain 
boundaries to annihilation sites. Mukherjee [21 ^ 44] also 
developed a similar theory but the dislocations are assumed 
to emanate from ledges in the sliding boundary and the 
specific requirement of the movement of groups of grains is 
not necessary. 

1.3.3 The Theory of Ashby and verrall 

The Ashby and verrall' s theory f45] is based on 
grain boundary sliding with diffusional accommodation through 
the lattice as well as grain boundaries. The mechanism is 
derived from a grain switching event which leads to the 
retention of essentially equiaxed grain structure during 
supeiqjlastic deformation. 

A group of four regular hexagonal grains in a two 
dimensional model is considered. These grains through a 
neighbor-switching event move from the initial state to a 
final one with an identical grain shape. In this process, 
the grains undergo accommodation strains and translate past 
each other by grain boundary sliding. This gives a true 
strain of 0.55 as a result of this switching event. A 
constitutive equation based on this mechanism is derived 
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and it is similar to the classical Nabarro^H^-rring-Coble 

to 

equation but gives rise/a threshold stress for def ormaticxi 
and strain rates that are an order of magnitude faster. 
Because of the threshold stress / this mechanism predicts a 
sigmoidal relationship between stress and strain rate. 

1*3.4 The Theory of Gif kins [46] 

The roles of grain -bound ary sliding and other creep 
mechanisms in fine grain superplasticity are coupled to 
develop a model based on the division of grains into their 
central "cores" and peripheral "mantles". Grain l)oundary 
sliding and its accommodation are limited to the n^antle. 

This description is used to develop equations for creep 
rate 'in the different regimes. 

1 • 3 • 5 The Theory of Gittus [47 y 48] 

This theory is developed to explain superplastic 
flow particularly in two-phase materials in view of the fact 
that most of the superplastic materials are two-phase alloys. 
It combines elements from the theories of both Ashby and 
verrall [45] and Gifkins [46]. It is postulated that 
boundary dislocations, piled up in dislocation -interphase 
boundaries (iPBs) climb away into disordered regions of 
the IPB. Sliding then occurs at an IBB as dislocations 
glide toward the head of the pile up to replace those which 
have climbed into disordered regions of the boundary. An 
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energy barrier which would otherwise render sliding virtually 
impossible on dislocations - iPBs can be largely eliminated 
if the dislocations glide in pairs. This disorder (anti- 
phase domain boundary) which is created by the passage of 
the leading dislocation is then repaired by passage of its 
successor. A constitutive equation is derived on the basis 
of this mechanism. A threshold stress for flow is estimated 
with the assumption that it arises because of the intoracticn 
of glissile IPB supurdis locations with grain boundary ledges. 
Furthermore, the activation energy for flow is predicted to 
be that for IPB diffusion. 

The Theory of Padmanabhan [49] 

This theory is derived for materials with ultrafine 
grains from the K ' s model [SO] in which plastic flow 
occurs by the shearing of groups of atoms in the boundary 
plane, so that there is interchange of atoms and vacancies 
leading to a liquid like Newtonian viscous flow. This 
mechanism is primarily based on the premise that 100 % 
contribution to superplastic flow can arise from grain 
boundary sliding without the need of any accommodation 
process at the grain corners or grain boundary ledges. It 
is shown that the stress exponent n, in general, is a 
function of applied stress, grain size and temperature. 

The parameters of the constitutive equations based 
on various mechanisms relevant to superplastic flow are 
summarized in Table 1 , 



13 


T7VBLE 1 

parameters of the Constitutive Equations Based on 
Different Mechanisms for Region II 


Mechanism 

n 


P 

Q 

* 

A 

Nabarro-Herring 
diffusional flow 

1 


2 

Q]_ 

13 

Coble diffusional 
f low 

1 


3 

^gb 

48 

Ball and Hutchison 

2 


2 

Qgb 

100 

Mukherjee 

2 


2 

^gb 

75^150 

Ashby arid verrall 

Limiting 
of 1 

value 

2~3 

Qgb"Ql 

70 

Gif kiris 

Limiting 
of 1 

value 

2 

^gb 

64 

Gittus 

Limiting 
of 2 

value 

2 

^IPB 

53.4 

P adman abh an 

Limiting 
of 1 

value 

2 

^gb 



* values of A in eqn. (5) with shear modulus G in place of 
Young's modulus E. 
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^ ^ M':3chani6 m s in Regions I and III 

(a) Region I 

Although some controversy about mechanisms in 
region I exists, not much theoretical considerations have 
been invoked due to limitvid experimental evidence. Many 
investigators [24, 51, 52] suggested the presence of thresh- 
old stress, to account for low strain rate sensitivity 

values in this region. It is assumed that e is a function 
of ( cr - a^) , the slope of the log a - log e curve ought to 
decrease asymptotically towards zero when cr tends toward 
The mechanism of Ashby and verrall [45] predicts the thresh- 
old stress for flow as a consequence of the increase in grain 
boundary area during the neighbour switching events of grains. 
Gittus [47, 48] has suggested that the grain boundary ledges 
can give rise to a threshold stress during grain boundary 
sliding. An alternative theory [46, 53] assumes the 
existence of a thermally activated mechanism in region I. 

It is suggested that this is GBS, rate controlled by barriers 
inherent in grain boundary structure and accommodation at 
triple edges occurs faster than GBS. Such a mechanism 
would give a variable value of n at low stresses and this, 
it has been suggested might bias values of activation 
energy and of the grain size dependence of strain rate 
determined using a high constant value of n. In this 
mechanism, the activation energy for flow in region I is 
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considered to be smaller than that of region II whereas 
MohamGd and Langdon [54] have observed that the activation 
energy in region I is equal to that of lattice diffusion in 
the pb-sn eutectic alloy. 

(b ) Region III 

There is general agreement on the deformation in 
region III. In general, high temperature dislocation climb 
controlled creep [lo] is believed to be the dominating 
process which can be described by equation (3). Typical 
values that represent such a mechanism are n = 4 to 5 and Q 
is the lattice diffusion activation energy. Such a mecha- 
nism predicts flow behaviour that is independent of grain 
size. But due to some grain size dependency of creep 
behaviour in fine grained materials, sane empirical relation 
has been developed by Barrett, Lytton and sherby [ 22 ] in 
order to account for this behaviour, h theoretical treatment 
has also been given by Gifkins [55] incorporating the grain 
size effect, in this model, the total creep rate is consi- 
dered to be the cumulative effect of climb controlled 
creep, grain bound -j-ry sliding and its accommodation by the 
formation of triple point folds. 

1.4 experiment/al constitutive equations in relation to 

THE MECHANISMS 


It can be noted from the previous section that 
several mechanisms have been proposed for the high temperature 



deformation of fine grained suporplastic materials. All 
these mechanisms are primarily based on simplified conditiens 
of the steady state power law type of creep deformaticn with 
the incorporation of the grain size effect. In assessing 
the applicability of these mechanisms to superplastic flow 
of various materials, it is all the more important to consider 
whether the experimental conditions conform to the idealized 
situations for which the mechanisms have been proposed, if 
not, it is of interest to know as to what extent the real 
conditions differ from the idealized ones. Some of these 
aspects are considered here in the context of assessing the 
operative mechanisms in the high temperature steady state 
deformation of fine grained materials. 

1*4.1 TWO, Phase Nature of Microstructuros 

Superplastic materials are generally eutectic and 
eutectoid alloys having a microduplex structure, although 
single phase materials [56 --58] have also been found to 
exhibit superplastic behaviour. Recently Gittus [48] has 
reviewed high temperature deformation of two phase structures 
and Brown [59] has critically summarized the agreements, 
controversies and need of formulating new principles 
governing the deformation of 2-phase alloys. Nearly all 
the experimental results, on these materials, show a 
number of common characteri-stics. On the other hand, it 
has been noticed that in the two phase systems exhibiting 
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superplasticity the structure and deformation behaviour of 
existing phases differ appreciably [60“62] . This can be 
realized from grain boundary sliding (GBS) data in the super 
plastic Pb-sn eutectic [62] which shows largest sliding 
offsets at the Sn-Sn intorcrystalline boundaries/ small 
offsets at the Pb~sn interphase boundaries, and negligible 
sliding at Pb-Pb intcrcrystalline boundaries. Unfortunately 
except the model proposed by Gittus, the theories developed 
to explain the characteristics of superplasticity are not 
based on the two phase systems, instead they are based on 
idealized single phase systems having an equiaxed structure. 

1.4.2 Non -steady state Deformation and Microstructural 
instabil ity 

The various proposed mechanisms deal with the 
steady state deformation where the flow stress is a unique 
function of steady state strain rate, temperature and grain 
size. This implies that the strain parameter does not have 
any effect on the stress-strain rate behaviour. In other 
Words, the steady state nature of deformation and the 
applicability of the proposed mechanisms are valid to the 
extent that the structure remains stable, beyond which the 
microsttuctural instability and the accompanying strain 
effects ccan become significant enough to invalidatti the 
steady state mechanisms. If the stress-strain rate data 
of fine grained materials are being obtained by the 



differential strain rate test [63], the above aspects are to 
be examined carefully in order to assess whether the data 
thus obtained would represent steady state or not. Signifi^ 
cant difference [64] in the values of the strain rate 
sensitivity index obtained from the same data of the differ^ 
ential strain rate test is an example of the nonvalidity of 
steady state approximation. In some of the reported studies, 
there have been significant microstructural instabilities 
along with the accompanying effects, as reviewed by suery 
and Baudelet [65] . These microstructural changes are briefly 
considered below. 

Many superplastic alloys consist of two phases 
where each phase exists as a separate grain. In some cases, 
there is clustering of tho grains of each phase along the 
direction of mechanical working. In such cases, there is a 
tendency for the second phase grains to separate and to 
become rounder. The effect of this transition is that the 
stress level may continuously change with strain. 

The fine grains subjected to deformation at 
elevated temperature are likely to suffer from grain coars- 
ening, Experi.mental indication is that there are lar^e 
variations in the size of the grains or phases with strain, 
strain rate and x^ith temperature. For example, within 
one cycle of differential strain rate test, where the 
specimen elongation was no more than 30%, the fine equi- 
axed grains of Pb-sn eutectic increased in size by a factor 
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of 2.35 at 170®c [66] . In another study {67] superplastic 
deformation of as rolled Zn-0.4% Al alloy has been reported 
to exhibit an increase in grain size by a factor of 8, This 
grain coarsening leads to an increase in stress level and 
decrease in m value. These microstructural changes can 
influence the a e behaviour to some extent and in seme 
cases the above two types of microstructural changes can 
lead to the appearance of steady state deformation due to 
the cancellation of mutual effects on flow stress [68]. 
Mukherjee [21 ] in a review of high temperature creep, remarks 
that in seme cases microstructural instabilities lead to 
abnormally high creep rates. Occasionally investigators 
neglected to comment or even check on these possibilities 
when reporting their data. Edington et al. [30] site 
examples that m depends on strain in a complex way due to 
structural change of the material, since parameters of the 
experimental constitutive equation are calculated from 
collection of a - e data, these values are likely to be 
affected because of this reason. It has even been argued 
[65, 69] that the sigmoidal shape of the log a - log e 
curves and the presence of region I are due to unstable 
microstructures rather than the true behaviour at ccanstant 


microstructure . 
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1.4.3 Non -uniqueness in a-e Relationship 

Constitutive equations with constituents involved 
therein are generally based on the assumption of unique a - e 
relationship for a given temperature and grain size. Recently^ 
a few experimental results have appeared in the literature 
which point out non -uniqueness in the a - e relationship. 

If this were so^ the previous simpler constitutive equations 
would be inadequate in such cases. A brief account of this 
aspect is presented below. 

( ^ ) Effect of test parameters 

The uniqueness in a - e relationship implies that 
for any strain rate, there will be one unique value of 
stress, which will be Independent of the path followed in 
reaching that strain rate, padmanabhan et al. [7o] have 
studied the effect of "Dynamic" mechanical history cn stress- 
strain rate relations during superplastic flow in the Pb-sn- 
Cd ternary eutectic alloy. In this work, a selected strain 
rate was reached by deforming a tensile sample frcan gauge 
length 1^ to 1 ^, 1^ to 1^ ^nd 1^ to a higher level, at 
cross head speeds v^, ^3 ^respectively , such that the 

initial strain rate is the same in each case. It is found 
that the stress is not a single valued function of strain 
rate. Instead, the stress corresponding to a given strain- 


rate increased by a factor of more than two with increasing 
cross-head velocity although the grain growth was observed 
to be insignificant. 
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( b ) Need of ot her microstructural parameters 

In a study on superplastic Pb-sn eutectic [7l] no 
correlation between the mechanical behaviour and grain size 
was evident when specimens of similar grain size obtained by 
different mechanical and thermal treatments of the cast 
alloy were compared. Similar observations were also made by 
paton and Hamilton [72] who have studied superplastic 
behaviour of Ti-6Al-4v alloys. From a comparison of a “ e 
data of specimens of different grain sizes, it is found that 
the flow stress of larger grain size is below that of smaller 
grain size in some strain rate range.' It is to note that 
in this work some specimens were having grains of equiaxed 
shape, while others had non -equiaxed grains. If the average 
grain size is used in such cases, the non -uniqueness in 

O' - e relationship suggests that a single parameter such as 

% 

grain size cannot adequately characterize the structure for 
the purpose of incorporating it in the constitutive equation . 
These observations suggest that other structural parameters 
such as volume fractions of two phases, grain aspect ratio, 
grain size distribution and crystallographic texture may 
also influence su'oerplasticity and therefore these para- 
meters may have to be considered in obtaining the appro- 
priate constitutive equation in general. 



1.5 OBJECTIVES OF THE PRESENT STUDY 


It is thus evident that there are several limits 
ations in the determination of experimental constitutive 
relations from the viewpoint of assessing the high temperature 
deformation mechanisms of fine grained materials. In order 
to obtain reliable experimental data for the purpose of 
evaluating the operative mechanisms, it is advantageous and 
desirable to consider relatively simpler experimental 
conditions first before dealing with more complicated 
situations. It is with this kind of general aim that the 
present work has been taken up. Although it is desirable to 
study a single phase material, Pb-sn eutectic has been chosen 
because of the ease in maintaining finer grain size as in 
most of the studies of superplasticity. Special attention 
has been paid towards achieving the microstructural stability, 
the steady state deformation and the uniqueness of stress- 
strain rate relation at any given temperature. The para- 
meters of the constitutive equation governing the steady 
state deformation have been determined experimentally over 
wider ranges of equiaxed grain size and temperature than 
hitherto reported in the literature. In addition to the 
differential strain rate test, stress relaxation test has 

been utilized to cover lower strain rate range upto a 
-7 -1 

minimum of 10 sec . internal stress measurements are 
also made by the stress dip test in order to consider the 
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alternate constitutive relations in terms of the effective 
stress with the aim of achieving better insight into the 
operative mechanisms. Finally, deformation behaviour of 
specimens having banded and elongated grain structures that 
arc deliberately produced by special processing, is also 
studied with a view to compare their behaviour with that of 
equiaxed structures. 
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CHAPTER II 

EXPERIMENTAL PROCEDURE 

2.1 ALLOY PREPARATION 

In the present investigation lead-tin eutectic 
alloy of nominal canposition 61,9 wt. % Sn and 38.1 wt. % Pb 
was prepared by making use of tin and lead^ both of 99,99% 
purity. 

At a time about 2.5 kg of charge with required 
amount of lead and tin was vacuum sealed in a 75 mm diameter 
pyrex tube. Melting was done by heating the charge in a 
tubular furnace to about 450®c and maintaining it there for 
'vl hr. In the molten state the alloy was mixed thoroughly 
by turning the pyrex tube upside down. The melt at this 
stage was allowed to solidify in the pyrex tube. 

There was pipe formation in the ingot thus obtained 
and therefore remelting with following modification, as a 
subsequent step, was adopted. The ingot was remelted in a 
pyrex glass container in air with intermittent stirring. 

The molten alloy was cast in a 75 mm diameter pyrex tube 
whose bottom end was closed tightly by means of a graphite 
block in order to provide a heat sink at the bottom of the 
mould. The pipe formation in the casting could thus be 
eliminated by directional solid if icaticn resulting from 
heat flow through this block. In a few cases, casting was 
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done in a smaller diameter pyrex tube, in seme cases Pb~Sn 
eutectic melt obtained frem the above procedure was cast in 
a 100 mm X 50 mm rectangular mild steel mould to obtain a 
flat ingot. Piping was eliminated by maintaining a hot top 
through heating . 

The ingots thus obtained were homogenized at about 
160°c for 72 hr in a silicone oil bath heated electrically 
by means of a mantle heater. The final composition of the 
alloy was checked by chemical analysis and found to be 61 
wt. % Sn and 39 wt. % Pb. 

2 , 2 MECHANICAL WORKING PROCE' SSSS 

The cast ingots were lightly machined to remove 
surface irregularities and pipe if any. These were then 
processed by one or more of the processes; extrusion, rolling, 
forging &nd swaging. Deformation processing was through the 
extrusion route in most of the cases. 

(a) Extrusion 

The cylindrical ingots of 75 mm diameter were 
extruded to 12.5 mm diameter (extrusion ratio = 36) either 
in one or two steps. In a few cases, rods were obtained 
with a lower extrusion ratio of the cast ingots. The 
extrusion was done at room temperature through specially 
fabricated dies made of high C - high cr steel. 


(b) Rolling 


Flat ingots were rolled either at 100®C or at room 
temperature in several passes. The final thickness was 5 mm 
equivalent to a reduction in area of cross-section of ^ 82%. 

(c) Forging 

An ingot of 50 ram diameter was forged at I00°c in 
different directions into a rod of 12.5 mm diameter. 

(d) Swaging 

Sane of the rods obtained from the above processing 
methods were further reduced or given final finishing by 
swaging. In some cases swaging was done to a final diameter 
of 6.5 mm, yielding a total equivalent extrusion ratio of 
A/ 1 33 . 

2.3 thermo-mechanical TREATMENTS TO GET DESIRED 
MICROSTRUCTURES ~~ 

The processing methods were aimed to get controlled 
microstructures. This involved a conbination of deformation 
processing methods given in section 2.2 with some heat 
treatment. The major processing was towards getting equi- 
axed microstructures with a large range of grain size. 
Microstructures typical of as worked state as well as 
specially designed microstructures were also incorporated. 
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2-3.1 Equiaxed Microstructures 

As worked materials were machined to get samples 
of required size. These samples were deformed to ^ 30% 
nominal tensile strain at 148°C at a constant cross head 
speed of 0.05 cm/mt using an Instron machine. Hereafter, 
this deformation will be called standard prior deformation 
and it is widely used in the present study due to its impor- 
tance, which is discussed in chapter III . Annealing of these 
samples was done at 160°c in an electrically heated silicone 
oil bath for varying periods upto a maximum of 240 days. 
The temperature was ccntrolled within +1°C. In some cases 
standard prior deformation was given after the annealing 
treatment. To eliminate bending or warpage of tensile 
samples by their own weight during the long annealing 
treatment, suitable mild steel base plates were used for 
supporting the gauge and shoulder sections of specimens. 

In a few cases, specimens in as worked state were 
directly annealed for a long time to got equiaxed grains of 
large size, on the other hand, some specimens having 
equiaxed grains in the as worked state itself were also 
obtained by alternate working in different directions. In 
this manner, equiaxed microstructures were also achieved 
without annealing or standard prior deformation of the 
worked alloy. 
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2.3.2 Non-equiaxed Microstructures 

(a) Banded structures 

After extrusion from 75 mm diameter to 47 mm 
diameter, the ingot was annealed at 170°c for nearly 30 
days in a silicone oil bath. This annealed ingot with large 
grains ( <>-'20 p.m) was extruded further to 12,5 mm diameter 
rods. The rods t^us obtained were swaged to 11.5 mm and 
7,5 mm diameter rods. All the above working operations were 
done at room temperature. Specimens processed in this manner 
exhibited banded structures. 

(b) Elongated grains 

12,5 mm diameter rods obtained from extrusion of 
75 mm diameter ingot were swaged further to a final diameter 
of 7,5 mm. This operation resulted in a microstructure 
with linear orientation [73] having grain elongation in the 
longitudinal direction. 

Flat tensile sariples were obtained with elongation 
of grains in two directicns, termed as planar-linear 
orientation [73], in the following manner. The flat ingot 
was rolled from 50 mm to 25 mm thickness at room temperature 
and annealed at 160°c for 30 days.' This large grained 
block was further rolled to 5 mm thickness at room temper- 
ature, The resulting microstructure was consisting of 
grains elongated in two directions. 
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2.4 mechanica l testing 

All the tests were dene on a Floor Model instron 
Universal Testing Machine, while most of the tests were 
performed in tension making use of round and flat samples, 
compression samples wore used mainly to check strength 
anisotropy for different microstructures. True stress (a), 
true strain ( e ) end true strain rate ( e ) were calculated 
from the load-time record during deformation assuming uniform 
deformation along the gauge length. Special care was taken 
in maintaining precision of the load measurement in view 
of the small loads involved especially for flow at high 
test temperatures and low strain rates in sanples of smaller 
grain size. 

2.4.1(a) Tensile Test 

Typical dimensions of flat and round tensile 
samples are given in Figure 2. In a few cases, round 
samples of gauge length in the range of 19 mm to 5o mm 
with diameter 4 mm or 8 mm were used. Tensile specimens 
were machined along the length of bars in the case of 
round specimens and along the rolling direction in the 
case of flat specimens. In the latter case, samples 
were also obtained in the directions at 45° and 90° to 
the rolling direction. 

The grip assembly for round samples was similar 
to that used in a Hounsfield tensometer. In the case of 
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(b) 
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flat specimens, care was taken in designing the grips in 
such a way that there is no possibility of slippage of 
specimen in the grips during loading. Tensile tests were 
carried out at temperatures from 25 °c to 170°C. A siliccne 
oil bath heated electrically in a mantle heater with a 
capability to control the test temperature with +1°C 
accuracy was used to attain the desired test temperature. 

A water bath with the required temperature adjustment was 
used for tests at 25°C. 

(b) Compression test 

Compression specimens in three orientations, with 
respect to the working direction, were machined from rods 
having desired microstructures. These orientations are 0° , 
45° and 90° relative to the rod axis, samples of 9 mm 
length and 6 mm diameter were used for compression testing. 
The friction between the end faces of the sample and the 
compression plates of the machine was minimized by using a 
lubricant. All the compression tests were done at room 
temperature . 

2. 4. 1.1 constant cross head speed test 

In order to study the effect of large strain on 
the flow stress and microstructure it is desirable to 
conduct constant strain rate tests in the case of a strain 
rate sensitive material like the Pb-Sn eutectic. Due to 
lack of provision for maintaining constant strain rate. 
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constant cross head speed test was adopted for this purpose, 
7'.ftor a sufficiently large elongation of the sample in these 
tests / the cross head speed was changed to the next higher 
level so that once again strain rate is closer to the initial 
one . 

The true stress data obtained from these tests as 
a function of strain represent a situation of continuous 
decrease in strain rate. These data were corrected for 
constant strain rate making use of the strain rate sensiti- 
vity index (m) of the specimen obtained from a differential 
strain rate tost with the assumption of constant 'm' . 

2. 4, 1.2 Differential strain -rate test 

Differential strain rate method [63] was adopted 
to obtain stress-strain rate data of different specimens at 
various temperatures, starting with the lowest cross head 
speed of 0.005 cm/mt, the speed was successively 

increased to the next higher level to cover the total range 
of available speeds upto a maximum of 5 cm/mt*’.. " •, The load 
corresponding to each of the cross head speeds was thus 
recorded, from which, the true stress vs. true strain-rate 
data were calculated. In order to minimize the strain 
effects, the total strain accummulated in one cycle 
covering the whole range of cross head speeds is kept to 
a minimum level, where significant strain effects were 


noticed 
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The strain rate sensitivity index 'm' was calcu- 
lated either from the slope of log a - I'^g e plot or in some 
cases from the relation 


log P 2 /P 1 
log ^ 2 ^ 


(6) 


where and a.re steady state loads corresponding to 
cross head speeds and respectively. 


2. 4. 1.3 Stress relaxation test 


Stress relaxation test was used to obtain a = e 

data at a lower strain rate range than that possible by the 

differential strain -rate test. Specimens were deformed at 

a selected cross head speed to steady state stress level 

corresponding to that strain rate. Having reached the 

steady state stress level, the cross head was then arrested 

and simultaneously the chart speed was suitably increased 

to record relaxation of load with time. The load-time 

recording in the relaxation test was continued until the 

rate of relaxation was immeasurably slow. The load was 

monitored upto a maximum period of 45 minutes. It was 

found necessary to first load the sample to a few percent 

strain at a constant cross head speed before the cross 

head is arrested for recording the load relaxation as a 
* 

function of time in order to obtain reproducible stress 
relaxation data. Hence this practice was adopted in all 
cases of obtaining the stress relaxation data. The 
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stress “relaxation tests repeated several times under the 
same testing conditions were found to give the same cr =• e 
behaviour and thus the reliability of stress relaxation data 
was ensured. ■ 

cr - e data at different points of stress relaxation 
curve were calculated from the load versus time curves of 
the relaxation tests. True stress at any point on the 
relaxation curve was calculated by dividing the load (P) at 
that point by the area of cross-section (A) of the sample 
just at the start of the relaxation test. The e at these 
points was calculated from [74] 


e = 


M a 


(7) 


* 1 c3iP 

where cr (= -n ~) is stress rate and M is the elastic 
A at 

constant of the machine and specimen assembly. It is given 
by; 


M 


i h- 

E UEJ 


( 8 ) 


where E is the Young's modulus, Lis the gauge length of the 
sample, and s is the machine stiffness which was evaluated 
by using a mild steel dummy sample for each combination of 
load cell and test assembly. 

( a) Determination of machine stiffness (S ) 

A mild steel tensile sample of standard size was 
deformed at a selected cross head speed to a load well 
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within the elastic region of this specimen. The slope of 
the load-time record was measured. Knowing the area of 

t 

cross section, and gauge length, 1^, of the dummy mild 

steel sample, was evaluated using 


M 


d 



(9) 


1 dp 

Here S' = — . (^) where v is the cross head speed. 
Substituting this value for mild steel sample and the 
gauge length (I^)/ area of cross-section (A^^) and Yeung's 
modulus of mild steel in the equation (8), the stiffness of 
the machine, s, was calculated. This procedure of deter- 
mining the quantity S was repeated for several cross head 
speeds and test temperatures to check for the constancy of 
stiffness of the machine. It was found to be independent 
of cross-head speed and test temperature in the ranges of 
interest to the present study. Since two load cells of 
5000 kg and 50 kg capacity were employed in these experiments, 
the machine stiffness with each of these load cells was 
determined. The stiffness thus obtained for 5000 kg load 
cell is 3327 kg/cm and for 50 kg load cell is 1740 kg/cm. 


(b ) Estimation of Young's modulus values at different 
temperature 

E values for the Pb-Sn eutectic alloy at 
different temperatures are not available in the literature. 
At 20°c the experimental E value for this alloy is 




36 


3 

reported to be 21 x 10 M?a [75]. This value is different 
from E calculated by making use of the data of pure ?b and 
pure Sn and using the rule of mixtures (vegard's law) CUl. 
Because of this difference between the experimental value 
and that calculated from pure Sn and Pb data at 20®Cr the 
Young's moduli of the eutectic at other temperatures have 
not been calculated explicitly from those of pure elements. 

A better approximation to evaluate the Young's modulus for 
this alloy at different temperatures is through the use of 
the experimental value at 20°c as a base and then applying 
the temperature correction. The rate of change in E of the 
eutectic alloy with respect to temperature (dE/dT) is 
obtained fron those f??] of pure sn and Pb by making use 
of vegard's law. By this method, the E value, in MPa, at 
any temperature was f ound to be 

Et = E 293 “ 77.82 (T - 293) (10) 

where E_ and E _ are the Young's moduli in MPa at the 
T 2 y 3 

temperatures T and 293 K respectively. 


2 . 4.4 Internal Stress Measurements by the Stress^-Dip 


Test 178 


Tensile samples were deformed to steady state 
stress level corresponding to a selected cross head speed 
at each test temperature. Once the steady state was 
reached the cross head was stopped and instantaneous 



unloading with simultaneous increase in chart speed to 

50 cm/mt was done. After unloading to a certain load level, 

the load relaxation curve was recorded for a short time and 

the sign of the relaxation rate was noted. The specimen 

was once again loaded to the steady state stress level 

before unloading it to another level of stress to note the 

sign of relaxation rate. This process of unloading to 

different loads from the same steady state stress level was 

repeated till the sign of relaxation rate reversed. The 

load level at which the relaxation rate was nearly equal to 

zero f or a short while was used for calculating the internal 

stress, whereas the load from which unloading was done was 

used to estimate applied stress. The difference between 

applied and internal stress was taken as effective stress. 

* 

All these three stresses correspond to the steady state 
strain rate at which the specimen was deformed before 
unloading . 

This procedure was repeated at various cross head 
speeds to get values of applied stress, internal stress and 
effective stress as a function of strain rate. The internal 
stress data were also obtained at various test temperatures. 

2.5 METALLOGRAPHY 

Metal lographic samples were prepared by starting 
with flaa surfaces obtained by light machining of the 
specimens. In some cases where the specimen sizes were too 
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small to handl'd, cold mounting of the specimens on perspex 
block, making use of chloroform which is a solvent for 
perspex, was adopted. This method was found to be the most 
convenient one for mounting this soft material without 
damaging the structure in the process of mounting. 

The surface of the metallographic samples to be 
examined was scraped with a sharp edge of a glass slide to , 
get a smooth shiny surface. This operation eliminated the 
normal step of using series of emery pap^^^rs in conventional 
mechanical polishing. Further polishing was done an a 
Dolishing wheel with suspension of fine alumina pox/der. 

The etchant used was a mixture of glycerol, acetic 
acid and nitric acid in the proportion of 4 ; 1 ; 1 respec- 
tively. The use of fresh etchant was found to give better 
microstructural details. Although Pb-rich (black) and 
tin-rich (white) phases could be soon with a relatively 
short etching time, longer etching time of about 60 secs 
was necessary to reveal the grain boundaries (white/white) 
in tin -rich phase. 

The grain size measurement was done by using the 
linear -intercept method [79]. on micrographs showing 
nearly equiaxed microstructures (grain aspect ratio of 1 
to 1.2) random lines were drawn and the number of intercepts 
with phase boundaries and grain boundaries was counted. 

The proportion of grain boundaries in the tin -rich phase 
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was much loss as compared to the interphase boundaries. No 
distinction between interphase boundaries and grain bound- 
aries was made in estimation of the grain size. Also the 
sizes of Pb-rich phase and sn-rich phase were not signifi- 
cantly different. Hence the grain size measurement was not 
aimed at bringing separate measurements of these phases in 
each case. The intercept length in the case of equiaxed 
grains was converted to grain size [4 3] by multiplying with 
a factor of 1.74. When the grain shape was non-equiaxed , 
i.e. grain aspect ratio ^1-2, lines on micrographs were 
drawn in two mutually perpendicular directions such that 
those lines are parallel to the major and minor axes of 
oriented grains. The larger intercept length in longi- 
tudinal section has been represented by 1 (| and the smaller 
one has been represented by lj_ . The intercvjpt length for 
equiaxed grains has been represented by 1 with suffixes L 
and T for longitudinal and transverse sections; the overall 
average intercept length is represented by 1. The grain 
size is denoted by d in place of notation 1 for intercept 
length. In each case more than 300 intercepts wore 
counted and the average size is reported with a 95% confi- 
dence limit. For equiaxed grains/ shown by micrographs of 
both longitudinal and transverse sections/ the intercepts 
counted in both sections were combined to evaluate the 
mean grain size, d. 
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CHAPTER III 

RESULTS 


Experimental results are divided into three broad 
aspects of high temperature deformation. These are: 
selection of suitable processing method including checking 
validity of unique stress versus strain rate relation for 
high temperature deformation, establishing constitutive 
equations for a wide range of grain size and temperature and 
finally the behaviour of specimens having banded structures 
and elongated grains. 

3.1 PROCESSING HISTORY EITECTS ON STRUCTURE AND PROPERTIES 

Mechanical behaviour was studied in relation to the 
microstructure with the aim of assessing the role of 
processing in affecting the microstructure and thereby the 
mechanical properties. 

3 . 1.1 Effect of Degree of Working 

To Study the effect of reduction in area by 
processing of cast ingots, initial diameters of 25 , 50 and 
75 mm were selected. These ingots were processed at room 
temperature by extrusion and swaging. The first two ingots 
were reduced to 10.5 mm diameter rods giving 82,4 and 95.6 
percent reduction in area (RA) respectively, while the 



41 


75 mm diameter ingot was reduced to 10.5 mm and subsequently 
to 6.5 mm to get rods of 98 and 99 , 2 % RA respectively. 

Microstructures of longitudinal and transverse 
sections of these rods were observed. It was found that the 
degree of homogeneity and grain aspect ratio increase with 
increasing amount of working over 82.4% RA. In other words, 
within the range studied, increasing amount of working 
changes the microstructure towards elongated grains with 
smaller intorphase spacings and greater degree of homogenc;ity , 
while microstructures in transverse section are equiaxed. 

The grain aspect ratio for specimens subjected to 98% RA and 
99,2% RA were 1.8 and 3,2 respectively. 

Tensile specimens from 98 and 99,2% RA were tested 

at a constant cross head speed of 0,05 cm/mt up to 30% 

elongation (nominal strain) at 148 °C. Both of these 

specimens showed some tendency towards strain hardening. 

The flow stress of the former was 0,78 MPa as' compared to 

1.60 MPa for the latter at a nominal strain of 11% (e = 

-4 -1 

2.5 X 10 sec ) . 

The effect of degree of prior mechanical working 
on o - e data at 25 is shown in Figure 3, from which it 
can be noted that at any strain rate the flow stress is 
more for greater amount of reduction of the ingot. However, 
this difference decreases as the strain rate increases. 



INFLUENCE OF DEGREE 
ON 0”- t BEHAVIOUR 


T = 25°C 
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For reductions below about 80% Rh, the flow stress 
was found to decrease progressively with increasing reduction 
from that in as cast state. However/ due to the nonuniform 
nature of microstructure/ no detailed study of mechanical 
behaviour was undertaken in the lower range of reduction in 
are a . 


3.1.2 Materi?.! in the As >rorked state 

The effect of strain on the flow stress of as 
worked alloy was explored by means of the constant cross 
head speed test. The details of tests viz, initial strain 
rate, test temperature and strain are shown along with 
initial and final microstructural parameters in Table 2, 
Under these test conditions considerable decrease in 
strength was observed with increasing strain. This was so 
even after compensation for change in e during def oirmation,- 
The rate of softening was rapid in the beginning and slower 
in the later part. Thus the stress-strain curves showed 
two distinct regions of higher and lower slopes in 
sequence. The transition strain, defined as the strain at 
which the slope of cr - e curve changes, was observed to 
depend very much on initial strain rate and test temperature. 
At a given temperature , the transition strain was seen to 
increase with increase in initial strain rate, on the 
other hand, he transition strain decreased with increase 
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in test temperature. Figure 4 shows typical a - e curves 
illustrating effects of test temperature as well as initial 
strain rate . 

Tensile specimens from the extruded material (98% 

RA) were tested at 66 ®C with an initial strain rate of 
-5 -1 

8.4 X 10 sec and at 148°C with an initial strain rate of 
-4 -1 

2.8 X 10 sec . Strain softening at 66°C and strain 
hardening at 148 ®C were observed in these constant cross 
head speed tests. In the latter case^ the flow stress 
increased by 50% at a strain of 10% and further increase in 
the stress was very small with a hardening rate of 0.7 MPa 

per unit strain. These observations were based on a - e 

* 

curves obtained by correcting for the change in strain rate 
during constant cross head speed tests. 

It can also be seen from Table 2 that the micro- 
structures significantly change with deformation depending 
on initial microstructural and test conditions. The grain 
aspect ratio decreases with deformation and typical micro- 
graphs illustrating this effect are shown in Figure 5. 

Making use of specimens having initial micro- 
structures shown in Figure 5, another set of tests was done 
at 25 °c and 100°C to study the cr - e behaviour and effect 
of strain through repeated strain rate cycling. At both 
the tem.poratures , strain softening was evident without any 
significant change in the strain rate sensitivity index 
(Figure 6). 




FIG. 4 a--t CURVES OBTAINED IN A CONSTANT CROSS HEAD SPEED TEST 
AT DIFFERENT TEMPERATURES AND INITIAL STRAIN RATES 
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Another specimen with initial microstructures 
shown in Figures 7a and b was tested to obtain a- e data at 
170°C by repeated strain rate cycling. The o - e curves 
were found to be identical in all the four strain rate 
cycles through which the specimen was tested and the data of 
first and fourth cycles are shown in Figure 8. The micro- 
structures of shoulder and gauge sections of this specimen 
were checked. By comparing the microstructures given in 
Figures 7c and d with the initial ones, it can be seen that 
the microstructure of the gauge section has changed signi- 
ficantly relative to the initial microstructure. On the 
other hand/ there was no appreciable change in the micro- 
structure of the shoulder section from that of the initial 
state. In the gauge section/ the grain aspect ratio 
decreased from 1,8 to 1.2 with an increase in mean intercept 
length about 50^, in the transverse section. The effect of 
annealing for a short time on microstructure and properties 
of the as worked alloy was also explored by annealing the 
as worked alloy for 2 hours at 150°c. As a result of this 
annealing treatment/ the microstructures were not found to 
show any apparent change. However/ the flow stress was 
found to be significantly higher after this annealing 
treatment. Typical data of this type are presented in 
Figure 9 for a specimen whose microstructure is shown in 
Figure 5, 
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Since the as extruded or rolled alloy specimens 
consisted of slightly elongated grains ^ an attempt was made 
to produce equiaxed grains in the as worked condition itself. 
For this puirpose, the cast ingot was forged at 100°C by 
repeatedly changing the direction of working. By working 
the cast alloy in this manner/ equiaxed microstructure could 
be obtained. The specimens thus obtained were tested at 
25 °c for determining their a-e behaviour through repeated 
strain rate cycling tests. Some of these specimens were 
tested at 25, 66, 98 and 148®C after annealing them for 
2 hours at 150“c. On comparing the data of first and second 
cycles, there was strain softening in both the as worked and 
short annealed states without any appreciable change in the 
slope of q - e plots. The a-e data of the first and 
second strain rate cycles are shown in Figure 10 for 
annealed samples tested at 25°C and 66®C. Also, canpariscn 
of a - e data of the annealed sample with that of as worked 
sample showed that the stress level of the former was higher 
which in the second cycle decreased to a level closer to 
that of the as worked specimen. Microstructural obser- 
vations were made in the as worked state, after short 
annealing treatment and also after strain rate cycling in 
these cases. There was no significant microstructural 
change to account for the observed difference in strength 
at different stages. Further, the activaticxi energy for 



cr; MHa 
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rate sensitive flow of these samples was calculated on the 
basis of data from first and second cycles. This value 
based cn the first cycle data (55,1 kj/mole ) was found to 
be different from that of the second cycle (40.6 kJ/mole). 

Another characteristic that was investigated for 
different specimens was strength anisotropy at room temper- 
ature by compression tests. Compression samples with 
microstructures typical of as worked state and after some 
tensile prestrain (Figure 7) were deformed at 0°^ 45® and 
90° orientations with respect to the extrusion axis. 
Compression tests in the as extruded state indicated consi- 
derable anisotropy in their strength whereas isotropic 
behaviour was characteristic of specimens subjected adequate 
tensile prestrain following mechanical working. Anisotropy 
was observed even after short annealing of the worked 
specimens for 2 hours at 170°c. Both in as extruded and 
annealed states, 45° orientation exhibited minimum strength 
and 0° orientation exhibited maximum strength, whereas the 
strength of specimens of 90° orientation was in between 
the above two values. These compression test data are 
shown in Figure 11 for extruded and prestrained specimens 
whose compression axis is at 0° and 90° orientations with 
respect to the extrusion axis. Microstructural obser- 
vations indicated that ^isottopy in mechanical behaviour 
is a consequence of non-equiaxed microstructures. 



crjMPa 



ANISOTROPY IN cr--t BEHAVIOUR OF AS EXTRUDED 

material and after REPEATED STRAIN RATE i 
CYCLING TESTS I 
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It was found that irraspactivo of the processes 
adopted in getting the equiaxed grains ^ the anisotropy is 
eliminated completely if the grains are equiaxed. On the 
other hand/ samples which retained non-equiaxed grains even 
after substantial annealing exhibited anisotropy in a - e 
behavi our . 

To summarize, in the as worked state as well as 
after the annealing treatment of the worked material, the 
flow behaviour of the Pb-sn eutectic indicated microstruc- 
tural and/or mechanical instability. Hence, the structure- 
property correlations cannot easily be assessed under these 
conditions . 

3.1.3 Effects of Prestrainlnq of the As Worked Material 
and Tensile Tc.'St variables 

In the constant cross head speed and strain rate 
cycling tests, it was found that both the flow behaviour and 
microstructure tend to reach a stable state after some 
strain. This is evident from a relatively constant flow 
stress as a function of strain in the former test supported 
by microstructures and identical properties obtained by 
second and subsequent strain rate cycles in the latter type 
of test. Therefore, to correlate the structure with flow 
behaviour, the standard prior deformation consisting of 
^30% nominal strain with an initial strain rate of 
3 X lO”^ sec”^ at 148°C, followed by annealing at 160®C 
for various times, as described in chapter ll,was adopted. 



The mechanical behaviour of specimens with and 
without standard prior deformaticxi was compared in the 
following manner. A specimen prepared fron the as worked 
material was given standard prior deformation and then it was 
annealed at 150°c for 187 hours along with another one in 
the as worked state. Microstructures in the annealed state 
of both the specimens with and without tensile pre strain 
were examined and found to be identical with equiaxed (both 
in the transverse and longitudinal sections) grain size of 
17.1 p,m. cf - e data of both these specimens were obtained 
at 118 “C by means of repeated strain rate cycles aloig with 
intermittent 3C9<. nominal strain at a constant cross head 
speed corresponding to a strain rate in region II. Figure 
12 illustrates c - e behaviour of these samples. Only the 
data of first and fourth cycles are shown for the prestrained 
specimen, whereas first and second cycle data are shown for 
the other one-, it may be noted from Figure 12 that a 
specimen without any prior deformation shows softening 
between the first and second cycles and the second cycle 
data coincides with those of the predeformed specimen which 
does not exhibit any strain softening. These observations 
suggest that tensile prestrain before or after annealing 
of the as worked material has the same effect. This is so, 
irrespective of the temperature at which the prestraining 
is dene as long as the minimum strain at that temperature 
for stability (mechanical and microstructural) is exceeded. 
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parameters o£ tht. constitutive equation before and 
after standard prior deformations were also determined with 
a view to compare them. The tensile specimens with and 
without prior tensile deformation were annealed to get a 
range of equiaxed grains. Grain sizes of 13.1, 16.5 and 
21,1 |im in each case were selected for this study. The test 
temperatures were 118, 148 and 170°c. separate specimens 
were tested for obtaining the cr - e data at each of the 
selected temperatures for all the grain sizes. The strain 
rate sensitivity index, m, from the slope of log - log e 
plots did not show significant difference, in region II 
the grain size exponent was higher by 0,5 for the prestrained 
samples at all the tost temperatures# whereas the activation 
energy was found to decrease by nearly 20% after standard 
prior deformation for all the grain sizes. 

From the above observations, it may be noted that 
beyond some strain, the q — e behaviour for repeated strain 
rate cycling does not change and thus the specimens after 
some tensile prestrain have equiaxed grains which show 
unique q — e relation. This aspect was further checked with 
a specimen which was given standard prior deformation 
followed by annealing to get stable equiaxed grains. The 
test was done at 148°C and ccnsisted of strain rate 
cycling. Between two strain rate cycles, the specimen was 
given 3(y/o nominal strain in region II at the same temperature. 
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It was observed fron the data of five such strain rate 
cycles that the cr - e relation is identical irrespective of 
the strain accumulated. This behaviour is illustrated in 
Figure 13a by presenting the c - e data of first and fifth 
cycles where the intermediate deformation was more than 10C% 
e longaticn . 

Another set of experiments was done to check the 
effects, if any, of the initial gauge length of the specimen an 
cross head speed on o — z behaviour. Three tensile samples 
in as worked state with gauge lengths 2, 3.1, and 5.1 cm were 
tested at 118°C for three cycles of g - e data, m each 
cycle the cr - e behaviour was not influenced by the gauge 
length difference. Further experiment was done with samples 
given standard prior deformation and annealing treatment. 

The gauge lengths after standard prior deformaticxis of the 
samples were 2.4, 4 and 5 cms. Two sets of tests were dene 
with these samples. In the first set, these samples wore 
tested at 148 *C for a - data and then subsequently the 
temperature was lowered to 98°C at which the second cycle 
a - e data were obtained. In the second set, these samples 
after standard prior deformation were tested for h - e 
data at 66 “’C. These test results indicated that the gauge 
length of tensile specimens does not influence the a - e 
behaviour o Typical data of this nature from tests at 
are shown in Figure 13b. Since three diffezrtnt gauge 




FIG. 13 EFFECT OF (a) LARGE STRAIN ON THE o— - £ BEHAVIOUR 

(b) GAUGE LENGTH OF TENSILE SPECIMENS AND (c) TENSILE 
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lengths have been used to get a constant strain rate, the 
effective cross head speeds corresponding to this strain 
rate were also in the same proportion as that of the gauge 
lengths. Thus it is evident from the Figure 13b that any 
particular strain rate under ccansideraticn has yielded a 
constant stress value irrespective of the gauge length and 
cross head speed. Thus, the flow stress is a unique function 
of strain rate without any dependency on cross head speed. 

Tests were also done to check the effect of dif- 
ference in prestraining routes to stable state, in the 
first test, two tensile samples were taken. One specimen 
was prestrained at 25 ’’c by the differential strain rate test 
through one cycle and the other cne was pre strained at 98 °C 
by two such cycles. Both of these specimens, after pre- 
straining, were tested at 25°C over two cycles of strain 
rate change tests. It was observed that the cr •= e behaviour 
of both these specimens is identical (Figure 13c). In 
another test aie tensile sample was prestrained at 118 ®C by 
three cycles of the strain rate change test in region II 
and then tested at 170, 148, 66 and 25 ®c. By comparing 
these data with those of separate tensile samples for each 
of these test temperatures after subjecting them to standard 
prior deformation, good agreement was noted between these 
data. Thus the above observations indicate that stress is 
a unique function of strain rate and does not depend cai 
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the strain or path through which a given strain rate is 
approached , as long as the specimens are subjected to tensile 
prestrain to overcome the initial strain effects. 


3.2 MECHANICAL BEHAVIOUR OF SPECIMENS HAVING EQUIAXED GRAINS 

3.2.1 Microstructur.es and q •- e Behaviour 

Equiaxed microstructures with grain sizes in the 
range of 9.7 [j,m to 32.0 p.m (Table 3) were obtained by 
subjecting specimens of as worked material to standard prior 
defornmation and annealing. 

Figures 14 and 15 show microstructures of two 
typical grain sizes 15.5 jim and 28.4 pm respectively. The 
a - e data for specimens of different grain sizes at various 
temperatures are shown in Figures 16 to 19. 

The observed cr - e behaviour of all specimens can 
be characterized as regions ii and III of the high temper-= 
ature steady state deformation of the fine grained materials. 
No region I was noticed in the investigated ranges of grain 
size^ temperature and strain rate. The transition strain 
rate between regicans II and III is observed to increase 
with increase in the test temperature for any grain size 
and also with decreasing grain size at any test temperature. 
The strain rate sensitivity index in each of the regions 
II and III is not significantly influenced by test temper- 
ature or grain size, in region II this value is 0,60 + 0,10 
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TABLE 3 


Grain Sizes (Equiaxed) of Specimens Used in Evaluating 
parameters of Constitutive Equation 


Intercept Length (^.m) 

Grain Size^ 

1 1 

1 1 

d = 1.74 X 1 

Longitudinal | Transverse J Average 

lu : ^T ; ^ 

• 1 

( p-m) 


6.0 + 0.6 5.3 + 0.3 5.6 + 0.3 9.7 + 0.6 

6.0 + 0.4 6.8 + 0.5 6.3 + 0.4 11.0 + 0.6 

9.0 + 0.4 8.8 + 0.6 8.9 + 0.3 15.5 + 0.5 

10.3 + 0.5 9.8 + 0.7 10.0 + 0.5 17.4 + 0.9 

10.8 + 0.6 12.2 + 0.5 11.6 + 0.4 20.1 + 0.7 

14.7 + 1.1 12.4 + 0.8 13.5 + 0.8 23.4 + 1.3 

18.6 + 1.2 14.7 + 1.1 16.3 + 0.9 28.4 + 1.6 


18.1 + 1.3 


20.8 + 2.3 


18.4 + 1.1 


32.0 + 1.9 



i a ) ifongitudinal 



(b) Transverse 

FIGURE 14 . TYPICAL MICROSTRUCTURES AFTER STANDARD TENSILE 
PRESTRAIN FOLLOWED BY ANNEALING AT 160®C FOR 
72 HRS. (GRAIN SIZE d = 15.5 ^im) 
(MAGNIFIC/^^TIONs 30CK). 
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(a) Longitudinal 



FIGURE 15. 


(b) Transverse 


TYPICAL MICROSTRUCTUEIES 
FOLLOWED BY ANNEALING AT 
(GRAIN SIZE d = 2B.4 p-m) 


AFTER TENSILE PRESTRAIN 
160°C FOR 2317 HRS. 
(MAGNIFICATICNs 300K). 
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whereas in region III it is 0.09 + 0.01. As typical cases, 
m versus e plots at different temperatures are shown in 
Figures 20 and 21 for grain sizes of 9.7 and 32.0 |am respec- 
tively. The grain size effect on the o - e data is also 
illustrated in Figure 22 for a test temperature of 148°C. 

3.2.2 g - e Data from Stress Relaxation Test 

Although stress relaxation tests were performed for 
all grain sizes and test temperatures, a - e data could not 
be obtained by this method in all cases. This was because of 
the dominance of anelastic effects during the stress relaxa=. 
tiaa, especially at high temperatures in the lower grain 
size range . it was possible to obtain a - i data by this 
method at all temperatures only for grain sizes of 28,4 ■p.m 
and 32'.0 pm. For other grain sizes, the stress relaxation 
method was effective only in the lower temperature range. 

The evidence for anelastic effect in the relaxation 
test was of the following nature. After noting the cr “ e 
behaviour of a specimen down to the lowest cross head speed 
of the Instron machine, stress relaxation tests were 
conducted starting at initial strain rates that are much 
higher than the lowest strain rate attained in the differ- 
ential strain rate test. The data obtained by analyzing 
the relaxation curves were then compared in the overlapping 
strain rate range with those of differential strain rate 
test. The agreement between the two kinds of data would , 




RIATION OF STRAIN RATE SI 
DIFFERENT TEST TEMPERA' 





ERA' 
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indicate the absence of any anelastic effect. On the other 
hand/ if the anelastic effect plays a significant role in 
the relaxation test, the evaluation of a - e data from the 
relaxation curves by considering only the elastic and plastic 
deformations would yield data that differ fran the strain 
rate change test data, in that case, the discrepancy between 
the two kinds of data can be accounted for by considering 
the anelastic effect in the analysis of relaxation curves. 

Typical examples of the above two kinds of effects 
in the relaxation test data are presented in Figures 23 and 
24. From Figure 23, good match in the data obtained by the 
relaxation and strain rate change methods can be seen, 
whereas there is significant difference between the relaxaticn 
test and strain rate change test data of Figure 24. Moreover, 
there is a wide difference in the data of relaxation test 
depending cn the initial stress level at which the relaxatiai 
test was started. 

Schneibel and Kazzledine [so] have suggested a 
method of predicting the form of relaxation curve (S-H model) ' 
by considering the influence of anelasticity . In order to 
take into account the anelasticity effect, the anelasticity 
parameters of the material being considered must be known. 

In this model, the relaxation behaviour of an anelastic 
superplastic material is analyzed by means of a rheological 
model (Figure Ss) consisting of a spring, dashpot and 




(T-- £ BEHAVIOUR DERIVED FROM A STRESS RELAXATION 
TEST WITH(S~H MODEL) AND WITHOUT CONSIDERING ANELA 
STICITY EFFECT 




cr^ MPa 



FIG. 24 INFLUENCE OF ANELASTICITY ON cr-- £ BEHAVlOl 
OBTAINED FROM STPESS RELAXATION TESTS START 
FROM DIFFERENT INITIAL STRAIN RATES. 




-IG. 25 RHEOLOGICAL MODEL REPRESENTING ANELASTIC 

SUPER PLASTIC MATERIAL (Schneibel and Hazzizdine 
[80] ) : 
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Kelvin body in series to simulate the elastic/ ncai-linear 
viscous and anelastic behaviours of a material/ respectively. 
The relaxation behaviour of such a body is governed by the 
differential equation in time 

Cl h + C2 h + C3 cr’^ = 0 (11) 

Here/ (i) Ci = 'n/(E^ + where “n is the viscosity of 
linear dashpot in the Kelvin body, is the modulus of the 

spring in the Kelvin body and E,, = (E E )/(E + E ) where 

is the unrelaxed modulus of the material being considered 
and E^ is the effective modulus of the testing machine given 
by where L/ A* and S are specimen length/ cross-section 
area of the specimen and machine stiffness, respectively, 

E + Cl (— ) 

(ii) Co =1 + — ;; ™ where m and K are material 

Z K m K 

coistants representing the non-linear viscous behaviour 
given by the relation 0 = K e"', and 

E E 

(iii) Co = and n = 1/m. 

Further, 'H = Ev^ where is the anelastic strain relax- 
ation time. 

By solving the equation (11) with the appropriate 
initial conditions, the relaxation behaviour of a material 
can be predicted. 

The stress relaxaticai data of the present study 
have been analyzed on the basis of the above model to assess 
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th6 rolo of ane lasticity , However, due to lack of appro” 
priate information on anelastic parameters of the Pb=-sn 
eutectic, this analysis was primarily possible for tests at 
25°c cnly. High temperature relaxation test data were also 
analyzed with certain approximations in some cases. The 
numerical values of the various parameters at 25 °c used in 
the present analysis of data presented in Figure 23 are 
given in Table 4 , 

for both the grain sizes (Table 4), was 
obtained by using the relation [si] that a d and the 
reported value fso] of t = 3 x 10^ sec for the Pb-Sn 

O. 

eutectic alloy having a grain size of 3.5 p,m. 

The numerical integration of equation (11) was 

carried out by the Rungo-Kutta-Gill method using a computer 

program to obtain a versus t data of the relaxation test. 

These data were furth^-r converted to a - e data using 

equation (7) in order to compare them with the experimental 

data obtained from the relaxaticn test. It can be seen 

frcxn Figure 23 that the experimental and predicted data 

agree very well with each other and also with that of strain 

rate change test in the overlapping strain rate range. 

Further, it may be noted that the stress level tends to 

-7 “1 

level off at strain rates lower than ^ 10 sec , which 
indicates the influence of anelastic contracticn in 
preventing stress relaxaticxi at strain rates lower than 



Numerical values of the various Parameters used in Stress Relaxation Analysis Through S-H Model 



(MPa) at t = O 18.20 25.30 
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10 sec in this material under these test ccxiditions. 

Thus, in this case the utility of a simple relaxation test 

which neglects anelastic effect is limited to strain rates 
-7 -1 

above rj 10 sec 

The experimental relaxation test data obtained at 
148 °C have also been compared with those calculated by the 
S-H model. Experimental relaxation data were obtained by 
starting at various initial stress levels and the a - t 
data thus obtained by the usual analysis of relaxaticn test 
in which anelasticity effect is not considered were not only 
found to bo different among themselves but also frera those 
of the strain rate change test as illustrated in Figure 24. 
In considering the anelasticity effect by the s-H model, 
the anelastic parameters corresponding to the required 
temperature and grain size were first estimated fron the 
room temperature parameters. In the estimation of trial 

and error procedure was adopted in matching the predicted 
data with those observed experimentally. The various para= 
meters used in the analysis are listed in Table 4. The 
a “ e data were then generated by the S“H model starting 
at three different initial stress levels corre spending to 
the experiment and these data are shown in Figure 24. it 
may be seen that, by using a single value for the relaxa=> 
tion time, the initial parts of the cr - e data obtained by 
the s-H model coincide with the experimental curves in all 
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csscs. The dif f i..rGnc€s between the predicted and observed 
relaxation curves at lower strain rates are likely to be 
because of a spectrum of relaxation times required to 
describe the high temperature anelastic behaviour rather 
than a single relaxation time that has been used. However, 
the trend in the dominance of anelastic effects in this 
case is quite clear. Thus, in these cases, simple relaxation 
test which does not consider the anclasticity effect is 
inappropriate in generating a - e data. Precise determine 
ation of d - e data by taking into account the anelasticity 
effect in the relaxation test could not be carried out due 
to lack of proper anelasticity data. 

3,2.3 D etermination of Parameters of the constitutive 
Equations 

In view of the steady state nature of deformation, 
the experimental data have been analyzed 'in terms of typical 
steady state creep equation with the incorporation of grain 
size effect (equation 5). From the a - e data of regions ll 
and III the grain size exponent (p), activaticn energy (Q) 

‘ and the dimensionless constant (A) have been evaluated for 
each of the regions making use of the regression analysis. 
These details are presented here. As already mentioned, 
the variation of the strain rate sensitivity index was 
within a narrow range for each of the regiens and thus 'ro* 
can be approximated as independent of grain size and 
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temperature. The corresponding stress exponent (n) values 
are 1.67 and 11.1 in regicns li and III respectively. 

(a) Grain size exponent 

From equation (5), the grain size exponent 'p' can 
be written as 


P 


r ^log(e/cf‘) 
*' 3 log d 


(12) 


Thus at a given temperature, p can be determined by consi- 
dering strain rate at a fixed stress level or stress at a 
fixed strain rate for various grain sizes. Alternatively, 
p can be estimated from the plot of log(e/o’^) versus log d 
at constant temperature. 

The grain size expedient at various test temperatures 

was first estimated using constant strain rate and constant 

=.4 -1 

stress data in region II. A strain rate of 4 x 10 sec 
and two stresses 1.6 MPa and 4.0 MPa were considered for 
this purpose. The values of p are found to be nearly the 
same irrespective of the test temperature, p at different 
temperatures was also estimated from a plot of log e/a^ 
versus log d (Fig. 26). At 25®c the estimate of p in region 
II was based on data from two grain sizes only, due to lack 
of data in regioi II for other grain sizes. The values 
of grain size exponent in region II at different temperatures 
estimated from this analysis are listed in Table 5. Thus 
the most representative value of p in regican II is 3.34 + 0.2 



»sec MPa 
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TABLE 5 

Experimental Grain size Exponents at Different 
Temperatures in Region II 


Test Temperature 
(“O 

t 

1 

1 Grain Size 

1 P 

1 

Exponent 

25 

3.38 



66 

3.09 

db 

0.34 

98 

3.24 

+ 

0.17 

118 

3.44 

+ 

0.35 

148 

3.59 


0.33 

170 

3.41 

± 

0.05 


An attempt was made to calculate the grain size 

exponent 'p' in region III by considering the stress level 

as a function of grain size at a fixed strain rate for each 

of the test temperatures. There was considerable scatter 

in the values of p thus obtained at various temperatures 

and no systematic trend in variation of p was noticed with 

respect to the temperature. It was then decided to process 

the data of all temperatures together in order to obtain a 

exponent 

single representative value of the grain size/over the 
whole temperature range that was investigated. From 
equation (5), the grain size exponent can be written as 
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P 


-a (gif + ^ 


eTE 


n-1 


n 


d In d 


(13) 


Now, making use of the data of region III in the 
overall temperature and grain size ranges of this study along 
with the activation energy value for deformation in region 
III, which is presented in the next section, the value of p 
is calculated to be 1.00 + 0.72. 


(b) Activation energy (Q) 


It may be seen, from the constitutive relation (5), 
that the activation energy can be evaluated by any of the 
following equations! 


Q 


- R 


• „.^n-l ,p 
d ln( - - ^^- - — —) 



d(i7r) 


(14) 


„ r ain( eTE 
- ^ L ^ (i/tT 


n~l ) 


d,cy 


-1 

r c) In ( g TE^ ~ ) 1 
^ cJ (1/T) ^ 


d, e 


(15) 


( 16 ) 


Activation energy values for deformation in regions II and 
III have been determined by considering the data for each 
grain size at constant cj as well as e and also the overall 
data for all grain sizes as per the above three equations. 
Details of Q determination in regions II and III are given 


below. 
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In region II activation energy values were deter- 
mined by using the data corresponding to constant stresses 

of 1.6 MPa and 4.0 MPa and also by considering a constant 

-4 -1 

strain rate of 4 x 10 sec for each of the grain sizes. 

The Q values thus obtained were found to be the same as 
shown in Table 6 for various grain sizes. Some typical plots 


TABLE 6 

Experimental Activation Energy values in Region II 


Grain Size, d 
(Hm) 

Activation Energy, Q 
(kJ/mole ) 

T 135‘’C i 

. 

T:?' 135®C 

9.7 

± 

0.6 

44.00 + 1.66 

88.24 

11.0 

+ 

0.6 

43.53 + 2.75 


13.1 

± 

1.2 


75.17 

14,8 

± 

0.6 

- 

82.6 + 6.5 

15.5 

+ 

0.5 

44.92 + 4.60 

- 

16.5 

+ 

1.6 


86.14 

17.4 

i 

0,9 

46*59 + 8.92 

- 

20.1 

± 

0.7 

53.05 + 0.54 

- 

21.1 

± 

1.6 

- 

84,43 

28.4 

± 

1.6 

« 

77.22 

32.0 

+ 

1.9 


74.12 
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of the logarithmic temperature-compensated strain rate 
n 1 

( e TE ) versus the reciprocal of the absolute temperature 

at constant stress are shown in Figure 27 for a few grain 

sizes. On the basis of the overall data of all grain sizes, 

. n-1 p 

Arrhenius plot of ln(^^^= —) versus 1/T was made to 

determine the activation energy values (Figure 28). For 

this plot, the quantity (- ) was evaluated for each 

of the teat temperatures making use of the data of all grain 
sizes. This quantity was observed to be almost the same 
irrespective of the grain size at each of the temperatures 
and an average of these values was considered for the 
Arrhenius plot. 

A noteworthy feature of the Arrhenius plots was 
that there are two distinct slopes in these plots indicating 
two values of activaticn energy in two different regions of 
temperature. The slope above -v 135°C is higher than that 
below this temperature. This was further confirmed by 
testing specimens at 170, 160, 148, 135 and 118®C for <r - e 
data and making Arrhenius plots fron these data. The 
activaticn energy in the higher temperature range is nearly 
twice that in the lower range. The observed activation 
energy in the lower temperature range (below --v. 135®c) is 
44.7 + 1.1 kj/mole, whereas in the higher temperature 
range the value is 81.1 + 3.9 kj/mole. 



6TE sec” K MPa 



VS 




MPa sec 



1000 / T K 


ARRHENIUS PLOT FOR ACTIVATION ENERGY 
determination in REGION II 
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In region III the value of activation energy was 
calculated using 


Q 


,n 


d In 


r 1 

R J 


d 


(17) 


These plots for two different grain sizes are shown in 
Figure 29. The values of activation energy for different 
grain sizes are seen to be independent of the grain size 
(Table 7). The observed Q value is 100 + 8.8 kJ/mole in 
this region. 


TABLE 7 

Activation Energy values in Region III 
for Different Grain Sizes 


Grain Size, d 

1 Activation Energy, Q 

(lim) ^ 

j (kJ/mole) 


15,5 + 0,5 

17.4 + 0.9 
20,1 + 0.7 

28.4 + 1,6 


103.66 + 16.59 
105.09 +1.97 
91.43 + 6.91 
99.76 -r 9.89 


F 


(c) Dimensionless censtant ,(A) 


i 


The constant AD^ 
determined fron equation 


of the caistitutive equatioi was I 

I 

F 

(5) by using the appropriate values [ 


MPa sec / K 



1000 I T K 

FIG.29 ARRHENIUS PLOT FOR ACTIVATION ENERGY 

determination in region hi 




o£ the parameters n, p and Q corresponding to regions II and 

O 

III. Taking b value as 3.2 A, the values of AD thus 

o 

obtained in region li are 1.8 x 10^^ cm^ sec“^ and 4.5 x lO^ 
2 -1 . ^ 

cm sec in the temperature ranges above and below r... 135®c 

respectively, using = 4 cra^ sec“^ and 6.44 x lo"^ cm^ 

»1 . 

sec for lattice and grain boundary self diffusion of sn 

[82] respectively, the values of A are 4,6 x 10^° and 7.1 x 
7 

10 in the temperature ranges above and below 135°C 

respectively, in region III the values of ad and A are 

32 2 ~1 31 

1.0 X lO cm sec and 2.5 x 10 respectively. 

Thus, the representative constitutive equatiois 

for regions ll and III are summarized as follows; 

(i) Region II 


a) Belcw 135°c 

7.1 X 10^ D X Eb .3*3 1-67 - 

• _ oqb(5n) ,b. Us ^ RT 

^ “ kT ^d^ ® ' 

(18) I 

I’ 

b ) Above /V 135°C j 

a X 10 Eb b.^*^ | 

kT '‘d^ ! 

( 19 ) : 


( ii ) Region III 


2.5 X 10 D wr5-t 1 ^ 11*1 

oI(5n? ,b. .a. 

kT ^d^ ^E^ 


100 ( kJ /mole ) 
RT 


( 20 ) 

where, d x and D , x are pre -experiential factors in the 

' ogb(Sn) ol(Sn) ^ ^ 

grain boundary and lattice diffusion coefficients for Sn 


respective ly . 
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3.2.4 Internal and Effective stress Data 

Internal stress measurement by the stress dip test 
was doie in the temperature range of 25 “c to 148°C for 
grain sizes of 11.0 to 23,4 jim. In a few cases, for conpa- 
riscan, internal stress was measured by the alternate unloading 
and relaxation, called incremental unloading method, from 
steady state load reached with a selected cross head speed. 

At 66 °C and 118®C with the grain size of 11.0 [im, the 
internal stress measured by the latter technique was signi™ 
ficantly lower than that measured by the stress dip technique. 
Hence,,- incremental unloading method was not adopted for 
internal stress measurements. 

Just as in the case of applied stress, the internal 
stress was observed to be a function of strain rate, 
temperature and grain size. Scsne typical data of applied, 
internal and effective stress against strain rate are shown 
in Figures 30-33. Also shown in these figures is a compa- 

f 

risen between the steady state strain rate corresponding to 
the stress level at the start of relaxation test as obtained 
from the differential strain rate test and that 
estimated from the slope of the load versus time curve of 
the relaxation test at t = 0. 

(a) Regicai II 

The data based on internal stress measurements 
are presented in Tables 8 and 9 for seme typical cases. 








cr; MPa 



FIG. 33 APPLIED, INTERNAL AND EFFECTIVE STRESSES 
AS A FUNCTION OF STRAIN RATE (d= 23-4^m, 
T= 66°C) 


iUl 


TABLE 8 

Applied (o'). Intern 3-1 ( 0 .) and Effective (0 ) stresses 

X e 

and corresponding m values at S = 2.4 x 10“5 ,- 3 ec“l in 
Region II 


Stress 


Stress 

(MPa) 


1 

; strain 

I Index ^ 
1 

1 

Rate 

m 

Sensitivity 


25°C 

66 °C 

118°C 

148“C 

; 25 °C 

1 

66 “C 

118®C 

148°C 

0 

10.80 

2.50 

d_ 

0.56 

= 11.0 

0.32 

jm 

0.43 

0.50 

0.65 

0.70 

^i 

8.75 

1.82 

0.38 

0.19 

0.43 

0.38 

0.50 

0.42 

^e 

2.05 

0.68 

0.18 

0.13 

0.56 

0,71 

0.88 

0.91 

0 


6.85 

1.50 

= 17.1 

jm 

0.42 

0„70 


0* 


5.00 

0.99 



0.40 

0.59 

•M 

X 

00 

- 

1,85 

0.51 

- 

«• 

0.70 

0.98 

- 

0 



4,20 

= 23.4 

1.55 



0.49 

0.67 

a ^ 


- 

2.84 

0.9^ 


” 

0.46 

0.54 

00 

- 

- 

1.36 

0.58 


- 

0.64 

0,87 
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TABLE 9 

Strain Rate sensitivity Index values at 148®C 
in Region II 


1 

Grain 

Sizes 

Stress 

Ratio, cr^/a 

Strain 

Index 

Rate Sensitivity 

\xm 

. ~.5 ' 

e = 3x10 ; 

-1 : 
sec J 

r - > 

. 

e = 10 : = 3x10 

-1 1 cl 

sec ; sec 

Applied 

m 

1 t 

lintemal [Effective 

[ m , [ m 

; 1 1 e 

1 

13.1 

0.72 

0.60 0.50 

0.62 

0.39 

0.80 

16,5 

0.72 

0.65 0.58 

0.63 

0.52 

0.76 

23.4 

0.61 

0.55 

0.67 

0.59 

0.87 


It may be noted that the strain rate sensitivity index (m^) 
based on effective stress is always higher than that corres- 
ponding to the applied stress. The internal stress (a^) is 
seen to be a considerable fraction of the applied stress 
(Table 9), 

For a given grain size and test temperature , the 
ratio cr^/a is found to decrease with increasing strain rate. 
However, in the case of larger grain sizes the ratio was 
less sensitive to strain rate at lower temperature range. 

Furthermore, at a given strain rate and test 
temperature, the applied, internal and effective stresses 
are observed to increase with increasing grain size but the 
ratio o^/a is nearly independent of grain size (Figure 34), 




d ,jam 

FIG 34 INFLUENCE OF GRAIN SIZE ON APPLIED^INTERNAL A 
EFFECTIVE STRESSES IN REGION II . 
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The temperature effects on these data are illus- 
trated in Figure 35 by considering the data at a constant 
strain rate for a grain size of 11 iim. It is seen that the 
applied, internal and effective stresses decrease with 
increase in temperature. A slight decrease in the ratio 
0^/0 with increasing temperature is also noticed. By consi- 
dering the data at a higher strain rate, observed to 

decrease more rapidly with temperature than the cne shown 
in Figure 35. 

In order to study whether there is any strain 
dependency of internal stress, internal stress measurements 
were repeated as a function of strain rate m the s^e 
specimen after considerable strain. As in the case of 
applied stress, the internal stress corresponding to a given 
strain rate, temperature and grain size was found to be 
independent of the strain level at which the measurement 
was made . 

The parameters of the constitutive equation were 
estimated on the basis of effective stress and internal 
stress. Based on effective stress, the grain size exponent 
is found to be 2.8 + 0.28, whereas the activation energy 
is 33.5 kJ/mole. Further, the activatiai energy (Q) and 
the strain rate sensitivity index (m) based cxi applied, 
internal and effective stresses are found to be related as 
per the following equations: 




FIG. 35 INFLUENCE OF 
AND EFFECTIVE 



d= 11-0 /xm 
e= 2-4 X id^sec’ 



b 

(applied ) 

A 

or 

□ 


121 

CT* 

(j~ 


MURE ON APPLIED .INTERNAL 
£S IN REGION 11 
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where suffixes j and k refer to any two quantities out of 
three possible ones on the basis of applied^ internal and 
effective stresses, 

(b) Region III 

As in the case of region II , the strain rate 
sensitivity index based ai effective stress was seen to be 
higher than that of applied stress. It can be noted from 
Figure 33 that m in region III is of the order of 0.2 to 
0,25. In general, the internal stress is a smaller fraction 
of the applied stress in comparison to that in region II 
(Table 10) . The ratio cr^/cr is observed to depend strongly 
on temperature and grain size. In the lower temperature 
range and for the larger grain size, the ratio of cr^/q is 
similar to that in region II. This ratio decreased rapidly 
with increasing temperature. This ratio is also found to 
decrease with increasing strain rate for a given temperature 
and grain size as in region II. 


^In g. 


Q, + RT m, 
k k (J| In T 


( 21 ) 


A In 0, 


m (-*— : 

k j In 0 


^) 

j T 


( 22 ) 
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TABLE 10 

Applied (cT), Internal a^nd Effective (Cg) 

Stresses in Region ill 


d 

(| im ) 

T 

(°C) 

* 

e 

(sec'S 

ff 

(MPa) 

^i 

(MPa) 

“1 

^e 

(MPa) 

0j_/a 

11,0 

66 

6 X 10 “^ 

21.20 

5.00 

16.20 

0,24 

17,1 

66 

2 X lo""^ 

21.60 

10.70 

10.90 

0.50 

23.4 

118 

2 X 10 *"^ 

16.00 

5.95 

10.05 

0.37 
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3*2.5 Microstructural Changes dui- to Deformation in 
Regions IT and III 

Microstructural changes due to deformation at 
various temperatures in regions ii and III were followed in 
specimens of different grain sizes. 

(a) Region II 

Microstructural observations were made in specimens 
of different grain sizes as a function of strain in region II, 
In some cases, the observations were repeated along the 
longitudinal section of a single flat specimen at various 
strains, in general, it was observed that at elongatims 
less than about 10C%, there vras no appreciable change in the 
grain size due to the deformation. The only noticeable 
change in the microstructure in these cases was that inter- 
phase boundaries became rounder due to deformation. At 
higher strains, there was some tendency towards grain 
coarsening especially in specimens of smaller grain sizes. 
Same of these observaticns are reported below. 

Microstructural changes at different strain levels 
at 148®C were followed in the longitudinal section of flat 
tensile samples. These microstructural observations were 
made repeatedly on the longitudinal section of the same 

sample at various strains. At different strain levels 

, “4 -1 

with an initial strain rate of 3 x 10 sec .. the micro- 
structures remained unchanged. The grain sizes in the 
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longitudinal section corresponding to 0, 50 and 200 percent 

elongaticxis arc found to be the same (/v26 ^im) . The 

transverse grain size in the beginning and at the end of 

this test was also checked and noted to be constant and 

equal to that of the longitudinal section. 

Detailed microstructural studies before and after 

a large amount of deformation were made using round specimens 

having grain sizes 13. 1^ 16.5 and 21.1 jam at 66®c and’148°C. 

-4 -1 

In these tests, two initial strain rates of 1.2 x 10 sec 
-3 -.1 

and 2,9 X 10 sec were used. These observaticns , are, 
summarized in Tablv.-' 11. No change in the shape of \he trains 


TABLE 11 

Changes in Grain Size (Equiaxed) due to Ccnstant 
cross Head Speed Deformation 


Initial 

1 

I 

;rest 

1 

1 

plongation 

1 

1 

Grain Size 

, d (tim) 


Strain Rato 

iTemperature 

Bef ore 

1 

After 


, -1 V 

(sec ) 

: (“o 

: (%) 

1 

Deformaticn I 

1 

Deformation 

1.2 X lo”"^ 

66 

200 

16.5 

+ 

1.6 

22.5 


1.3 



375 

13.1 

± 

1.2 

17.1 


0.9 


118 

600 

11.. 0 

+ 

0.6 

19.1 

+ 

1.3 


148 

200 

21.1 


1*6 

22.3 

+ 

1.6 



700 

13.1 


1.2 

21.5 


1.4 

2.9 X 10“^ 

148 

375 

13.1 


1.2 

17.8 

+ 

0.7 



700 

16.5 

± 

1.6 

21.1 


1.1 
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was noticed although some grain growth occurred in all the 
case's. It can also bo seon that specimens having initially 
smaller oquiaxed grains are more susceptible to grain 
coarsening due to deformation. The extent of coarsening was 
observed to incr'^jaso with strain. For the smallest grain 
size, this increase was by a factor of 2 after 600% elongation 
at 118°C, whereas the grain coarsening was much less in 
specimens having initially larger grain size. The degree 
of grain coarsening was found to be more at higher test 
temperatures and lower strain rates. Thus, initially 
oquiaxed grains remain essentially equiaxed after large 
superplastic deformation with no more than a slight 
coarsening of grain size. However, typical characteristics 
of deformed structures in superplastic region viz, wavy 
phase boundaries and fine scale protuberances by mutual 
interpenetration of phases with some change in distribution 
of phases, were seen. Figures 36 and 37 illustrate the 
typical microstructures in the longitudinal section after 
constant cross head speed deformation in the superplastic 
region . 

(b) Region III 

In region III, sane grain elcngatioi was evident 
due to deformation. Typical observations of this nature 
are given here. A flat tensile sample having a grain size 
of 26 p,m was deformed at 148°C with an initial strain rate 



(a) Initial 



(b) Final 

FIGLTsE 36. MICROS TRUCTURMj CHANGE DUE TO 375% NOMINAL STRAIN 
IN REGION II (INITIAL d = 13.1 T = 148°C) 

(MAGNIFICATION: 30QX;). 
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(b) Final 

FIGURE 37. MICROSTRUCTUR^iL CHTiNGE DUE TO 700% NOMINAL STRAIN 
IN REGION II (INITIAL d = 16,5 tim, T = 148°C) 
(M/iGNIFICATION : SOCK ) . 
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of 4.5 X lo sec to about 70% elongation. The grains were 
seen to be elongated in the loading direction due to this 
deformation. At this stage of deformation, there was a neck 
formation in the tensile specimen. The grain elcxigaticn was 
observed to be more in the necked region in ccmparison to 
the regions outside the neck of the tensile specimen. No 
significant change in grain size was noticed in the trans- 
verse section. 

Further, a round tensile sample having an initial 

equiaxed grain size of 21,1 p,m (mean intercept length = 

12,1 jim) was deformed with an initial strain rate of 2,9 x 
-3 -1 

10 sec at 66 °C. The microstructure in the transverse 
section is unaltered in shape and size, whereas in the longitu- 
dinal section of the necked region (local elongaticn = 400%) 
the grains are observed to become elongated with a grain 
aspect ratio of fvi. 2, as shown in Figure 38. The intercept 
lengths measured from the microstructures of the necked 
portion of the tensile specimen are as follows; 

1,( = 20.4 + 0.9 \xmj lj_ = 10.9 + 0.9 ijm; 1^ = 10.5 + 0.9 ^im 

3.3 mechanical BEHAVIO UR OF SPECIMENS HAVING BANDED 
STRUCTURES AND ELONGATED GRAINS 

The observations on mechanical behaviour of 
specimens with banded structures and elongated grains 
obtained by using the methods given in section 2,3 are 
presented in this section. 



(a) Initial 



(b) Final 


FIGUF^E 38. 


MICROSTRUCTUBAL CH^iNGE DUE TO 400% NOMINAL STRAIN 
(AT THE neck) IN REGION III (MAGNIFICATICN : 30QX) 
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3.3.1 Banded Structures 

In the specimens having banded structures/ there 
was clustering of Pb rich grains along the direction of 
working/ vjhereas the distribution of phases was uniform in 
the transverse section. Typical longitudinal and transverse 
microstructures of these specimens are shown in Figure 39. 

The characterization of these banded structures was done in 
terms of the intercept lengths in the transverse section 
(b^), as well as band length (bi, ) and band width (b^ ) in 
the longitudinal section. 

Specimens at orientations of 0°/ 45° and 90° with 
respect to the extrusion axis were prepared for ccmpressicn 
testing in order to check the anisotropy of strength in 
these banded structures. It can be noted from Figure 40, 
that the flow stress of these specimens did depend cn 
orientation with a minimum for 45° orientation. 

Tensile specimens with banded microstructures shown 
in Figure 39 were tested at various temperatures and the 
g — e data are shown in Figure 41. The strain rate sensitivity 
index obtained by the differential strain rate test as a 
function of strain rate is shown in Figure 42. Frcm these 
data, activation energy values were estimated in region II 
and found to have two distinct values as in the case of 
specimens having equiaxed structures. The Q value in the 
lower temperature range is ^■'42 kJ/mole> while the higher 
temperature range value is ^91 kJ/mole. 



(b) 


FIGURE 39. LONGITUDINMj (a) 7vND TR 
OF SPECIMENS HAVING BAM 
(MAGNIFICATION SOCK). 
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The strain effects on the mechanical behaviour and 
microstructure were studied through strain rate cycling £nd 
constant cross head speed tests in samples having initially 
banded structures. Figure 43 shows the a - & data obtained 
by repeated strain rate cycling upto the sixth cycle in a 
test at 148°C. While the strain rate sensitivity index was 
not affected due to repeated strain rate cycling^ there was 
some increase in flow stress at a given strain rate upto the 
third cycle beyond which no further change occurred. In 
another case, 0 - e data were collected in two strain rate 
cycles with an intermediate constant cross head speed defor- 
mation of 50% elongation at 148 °C- similar strain effects 
as in the previous case were noticed. 

Also, by annealing the specimens having banded 
structures for a short time (3 hrs. at 148°C), it was found 
that the flow stress was higher than that of the unannealed 
specimen, on the other hand, the same annealing treatment 
given after the third cycle of the differential strain rate 
test did not influence the 0 - e behaviour in the subsequent 
cycles . 

The stress-strain curves of specimens with banded 
structures obtained by constant cross head speed tests at 

148 °C at two different initial strain rates are shown in 

( 

Figure 44. Also shown in this figijre is the flow stress 
corrected for constant strain rate. It is seen that with 










07 MPa 



FIG. 44 o--£ DATA OBTAINED FROM CONSTANT CROSS HEAC 

SPEED TESTS FOR SPECIMENS HAVING INITIALLY BAl 
STRUCTURES ( b„ = 32-3 fjm , bx= 6-0 yUm , bT.= 5-8 ^ 


1 


e - 1.5 X lO sec the stress level becomes independent of 
strain after some initial hardening. At a lower initial 
strain rate of 6.8 x 10 sec , the initial hardening is 
less and the gradual increase in flow stress extends to a 
larger strain level. The microstructural parameters as a 
function of strain in these specimens are given in Table 12. 
The band length to width ratio decreased more rapidly with 
increasing strain than due to the static annealing alone. 

As in the case of linearly elongated grains ^ the extent of 
banding in these structures may be characterized by the 
degree of orientation [73] defined by 

100 [(N^), » (N^ ),, ] 

_ ^ ( 23 ) 

u-'or,% " 0.273(N^),, + (N^), 

where N. is number of bands per unit length and the subscript 
H refers to secants drawn parallel to the working direction 
in longitudinal section, ,l refers to secants dravn perpen- 
dicular to the working direction in longitudinal ^^ecticn 
and f refers to secants drawn in the transverse section 
having equiaxed grains. The degree of orientation thus 
calculated is observed to decrease with strain (Table 12). 
Microstructural changes representing the break up of the 
banded structures are shown in Figures 45 and 46. signifi- 
cant grain coarsening due to deformation is evident from 
the microstructures of the transverse secticxis. 
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T ABLE 12 

Changes in Microstructural parameters of Banded Structures 
due to Constant cross Head speed Deformaticn 

Test Temperature = 148 '’c 

-3 -.1 

Initial strain Rate = 1.5 x 10 sec 


Elcng'- 

ation 

(%) 

— 

Band Intercept Lengths in 
Gauge section (^im) 


— 

1 

1 

pegree of 
jOrientaticn 

i or' 

1 

Longitudinal 

Transverse 

Gauge 

Shoul- 

der 

1 - . 

1 

1 

[Gauge 

t 

1 

1 

1 

» 

Shoulder 

b 

L... - - 



0 

32.3+5.7 

6 . 0+0 . 3 

5 . 8+0 . 3 

5.4 

5.4 

74*9 

74.9 

, 50 

11.2+1.0 

7. 4+0. 3 

7. 0+0, 4 

1.5 

3.2 

27 .2 

61.6 

425 

12.4+0.7 

9. 3+0. 7 

8. 5+0.4 

1.3 

3.2 

19.2 

61.5 










b,, = Band length measured parallel to tensile axis 

in longitudinal section 

b, = Band length measured perpendicular to tensile 
axis in longitudinal section 

b^ = Intercept length in transverse section. 




FIGURE 45. MICROSTRUCTUR^'iL CHi^GES IN LONGITUDINAL SECTION OF 
/JM INITIALLY BANDED STRUCTUfyS (t^, =32.3 + 5,7 Uml 

= 6.0 + 0,3 = 5.8 + 0.3 Vim) DUE TO 

DEFOEmATICW IN REGION II (MAGNIFICATION; 30QX;)- 
(a) e = 0%, (b) e = 5054 (c) e = 10094. 
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Internal stress measurements were also carried out 
at different temperatures. The values of applied, internal 
and effective stresses for a few cases are shown 'in Table 13. 


TABLE 13 

Applied (O’), Internal ( cr ) and Effective (a ) Stresses and 

X 0 

Corresponding m values for Banded Structures in Region li 
(Strain Rate = x 10"‘^ sec"^) 



1 

1 

1 

1 

Test Temperature ( ’’c) 


i 98 

1 

118 

148 

170 

<7 (MPa) 

1.43 

0.71 

0.43 

0.28 

m 

0.65 

0.80 

0.71 

0.77 

(MPa) 

0.92 

0.37 

0.24 

0.15 

;^i 

0.45 

0.83 

0.46 

0.61 

0^ (MPa) 

0.51 

0.34 

0.19 

0.13 

me 

0.90 

1.00 

1 .00 

0.93 

alongwith 

the correspmding m values in region II- 

Typical 

plots of cr 

vs. e at 118'’ 

C, 14 8 ’’c and 

170°C are shown in 

Figure 47. 

The ratio o^/cr is seen to 

decrease with incre- 


asing strain rate at any given temperature. This ratio of 
a^/o , when compared at a given strain rate, is observed to 
decrease with increasing temperature. 



Elongated Grain Microstructures 


The mechanical behaviour of specimens with two 
types of elongated grains (linear and planar=linear orien- 
tations) was studied. 

Microstructur es Having Linear-Orientation of Grains 

The tensile samples having linear-orientation of 
grains obtained by the process given in section 2.3 2(b) were 
further deformed in tension to about 3C% elongation before 
studying their mechanical behaviour. Microstructural 
observations of these specimens revealed distinct grain 
elongation in the longitudinal section and equiaxed shape 
in the transverse section (Figure 48). The microstructural 
characterization was done by measuring intercept lengths 
1^ / ]jL and 1^. • The grain aspect ratio, l^^ /Ijl ^ 
found to be 1.94. The degree of orientation as defined in 
equation (23) was found to be 33.43%. The d - e data of 
these tensile samples are shown in Figure 49, The m vs. 
log e plots at various temperatures are shown in Figure 50. 
Two values of activation energy were noticed similar to 
those obtained in the two temperature ranges of equiaxed 
grains . 

(b ) Microstructures Having Planar -Linear Orientation of 
Grains 

These microstructures have grain elongations in 


two directions viz. along the length and width of the rolled 
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(a) 



(b) 

FIGURE 48. LONGITUDIN/^L (a) AND TRANSVERSE (b) MICROSTRUCTUI 
OF A SPECIMEN HAVING ELONGATED GRAINS 
(Magnification j 300x). 
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shv.-'..t. Th^..’ intercopt lengths in longitudinal section 

parall^;! to rolling direction ^ 1,, / and perpendicular to 

the rolling direction, 1 _l, / were measured, in the transverse 

section, the grains are elongated along the width of the 

rolled sheet and thereof ore the measurements of intercept 

length in directions parallel to width, 1 , and parallel 

w 

to thickness, Ij , of the rolled sheet were made. The value 
of 1^ was observed to be equal to lj_ . 

Tensile samples wore prepared such that their 
gauge lengths are along O'", 45'" and 90 "" to the rolling 
direction. These samples of different orientations were 
tested by the repeated strain rate cycling test at 25 '"c and 
148 "c. The flow stress valuc-s obtained from the secend 
cycle were found to be lower than those of the first cycle 
in all cases. The extent of softening was observed to vary 
d'.pcnding on the test temperature and orientation with 
respect to the rolling directicn. The extent of softening 
was more at 148 "C than that at, 25 °C; also it was maximum 
for O'" orientation and minimum for 45'" orientation. The 
a - k data of these specimens at 148 "c are shown in Figure 
51. For the sake of clarity, only the first cycle data 
are shown in this figure. The m vs. e data for first and 
second cycles are given in Figure 52 in the case of O’ 
and 90’ orientations. The m values in the second cycle 
were found to be slightly higher than the first cycle 



148° C 




f 

FIG. 52 EFFECT OF REPEATED STRAIN RATE CYCLING Olj 
mVS SDATAOFSPECIMENS WITH PLANAR-LINEAR j 
ORIENTATION OF GRAINS I 
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valU',' in all casos. Tho activation energy value in rc-gicn 
II calculated from tht: first cycle data of specimt.-ns of 
different orientations found to be independent of orientation 
and this value is similar to that of specimens having 
equiaxed microstructures in the lower temperature range. 

Constant cross head speed tests were also performed 
at room temperature for all the three orientations. The 
stress-strain curves thus obtained are shown in Figure 53 
from which it can be seen that the specimen of 45'^ orien- 
tation has minimum flow stress, while for O’’ oricntaticxi it 
was maximum. Initially thcj flow stresses of specimens 
having 0’’, 90'’ and 45'’ orientations are in the ratio of 
1.2 j 1.1 5 1, whereas after 135% elongation they were 
similar. But softening continued at the same rate with 
further strain in all the three cases. Figure 54 shows 
the initial microstructures and those after deformation 
along the rolling direction. It can be seen that the 
microstructures tend to bc’come equiaxed with def O3rmation. 

The changes in microstructural parameters due to refor- 
mation in all orientations are shown in Table 14. in these 

e 

tests the strain ratio R = ^ / where and arc the 

true strains along the width and thickness of the specimens 
respectively, was monitored as a function of strain. The 
R values were independent of strain in the investigated 
range with the values of 0,86, 1.0 and 0.77 for O’, 45° 
and 90° orientations respectively. 






FIGURE 54 . MICROSTRUCTURAL CHANGES OF A SPECIMEN HAVING INITIALLY ELONGATED GRAINS IN TWO 
DIRECTIONS DUE TO DEFORMATION IN REGION II. BEFORE DEFORMATION I (a) JJSID (b), 
r^FTER deformation? (c) ;^D (d) ( 135% ELONGATION) (MAGNIFICATION? 3O0K). 
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TABLE 14 

Changes in Microstructural parameters of Specimens Having 
Elongated Grains in Two Directions due to Constant Cross 
Head Speed Deformation 


Test Temperature = 32 °c 

Initial strain Rate = 3 

0x10“^ 

Specimen Details 

Intercept Lengths 

(p.m) 


1, 


As rolled sample 

23.1 + 2.3 

11.4 + 0.7 

6.1 + 0.3 

Tensile axis parallel to 
rolling direction 
elongation .-v- 135% 

12.5 + 1.1 

10.0 + 0.6 

7.6 + 0.6 

Tensile axis 45® to 
rolling direction 
elongation *- '135% 

8.9 + 0.7 

4.5 + 0.2 

9.7 + 0.4 

Tensile axis 90° to 
rolling direction 
elongation 135% 

10.8 + 0.6 

11.3 + 0.5 

7.9 ± 0.4 


1,, refers to secants drawn parallel to the orientation 
plane on the longitudinal analysis plane 

1, refers to secants drawn perpendicular to the 

orientaticai plane on the transverse analysis plane 

Ij refers to secants drawn parallel to the orientation 
plane cn the transverse analysis plane. 
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CHAPTER IV 

DISCUSSION 


4.1 ROLE OF DEFORMATION PROCESSING OF THE C AST ALLOY IN 
ALTERING THE MICROSTRUCTURE AND PROPERTIES 


In the as cast state, the microstructure o£ the 


Pb-Sn eutectic cmsists of many colonies of alternate Pb 


rich and Sn-rich lamellae with a preferred orientation in 
individual colonies. It is well known that the cast alloy 
exhibits high strength and low strain rate sensitivity of 
strength [83 ]. The lamellar structure with misorientaticai 
of the colonies with respect to each other and also with 
respect to the tensile axis is responsible for this behaviour 
Deformation of as cast structure under conventional super= 
plastic conditions is knc^m to transform the microstructure 
into the characteristic small grains of equiaxed shape. 

For example, in the Al-Cu eutectic alloy, the stress level 
drops by about a factor of 20 whereas the strain rate 
sensitivity of flow stress rises from a lower limit close to 
0.2 to the value 0.6 on deforming the cast alloy at a 
temperature above half the homologous melting point [65]. 


on hot working of Pb-Sn eutectic alloy, similar mi 
structural change takes place and the break up of lamellar 


structure into equiaxed grains consisting 
sn-rich phases is generally responsible for 


pb-R.ich and 
the observed 
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drop in high temperature strength and increase in strain 
rate sensitivity of flow stress. However ^ for smaller 
reducticai of the cast material, the structure changes hetero- 
geneously depending on the orientation of the lamellae in 
individual colonies with respect to the working direction. 

The degree of heterogeneity also varies with gecmetrical 
constraints imposed by neighbouring grains, it has been 
reported [84] that the lamellae parallel to tensile axis are 
more stable and exhibit higher strength than the lamellae 
inclined to tensile axis and thus the latter tend to trans- 
form into equiaxed grains more readily. The present 
observations indicate that the degree of heterogeneity in 
microstructure decreases with increasing reducticai in area. 

To achieve a fully homogeneous equiaxed micro- 
structure, deformation processing of the cast alloy to the 
extent of about 80% RA at room temperature is found to be 
necessary. On the other hand, for lesser amounts of working 
long annealing treatment would also lead to coarse equiaxed 
microstructures. Further working of the alloy at rocan 
temperature by extrusion or rolling results in a smaller 
grain size with some grain elongation. In order to obtain 
fine equiaxed grains the most effective way is observed to 
be through heavy reduction involving frequent changes in 
the direction of mechanical working of the cast alloy. 
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The present observations also indicate that the 
increase in flow stress at any strain rate in region II due 
to greater degree of mechanical working of the cast alloy 
beyond about 80% RA is primarily due to the corresponding 
increase in grain aspect ratio, it is seen that the grain 
aspect ratio increased to 3.2 in the case of a spticimen 
subjected to 99.2% RA by extrusion and swaging, ThuSy the 
grain shape is an important factor that affects the high 
temperature strength and in such cases, it is not sufficient 
to consider the grain size in the transverse section of 
specimens alone, for structure -property correlations, 

4,2 ON THE need FOR PRESTRAINING OF THE AS WORKF.h ALLOY 
TO OBSERVE STEADY STATE FLOW 

The important point emerging from the mechanical 
behaviour of the alloy in the as worked state or after short 
annealing treatment following the mechanical working is that 
the strain is an important variable in the high temperature 
deformation of these states because of the accompanying 
rapid mechanical and/or microstructural instability. The 
present observations indicate that the microstructures of 
Pb-Sn eutectic alloy specimens processed by the normal 
metal working operations such as extrusion, rolling, forging 
and swaging of the cast alloy are not equiaxed but elongated 
in the direction of working with a grain aspect ratio of 



.vl.5. This directionality in the alignment and shape of 
the grains reflects in their mechanical behaviour. These 
specimens exhibit strength anisotropy depending can the 
direction of loading relative to that of prior mechanical 
working. Further / they show ncan-steady state deformatican in 
the subsequent tension or compression test. There has been 
a rapid change in flow stress with increasing strain up to 
some strain. The concurrent microstructural change seems 
to be the reduction in grain aspect ratio by virtue of the 
deformation. From Table 2 it can be seen that reduction in 
grain aspect ratio is through the reduction in 3^, and 
increase in intercepts along the other two perpendicular 
directions. Thus the breaking up of elcaigated grains and 
grain coarsening concurrently occur during deformation. 

The reduction in grain aspect ratio seems to be jrespcnsible 
for softening in this material, on the other hand^ the 
grain coarsening leads to an increase in flow stress. 
Depending on the initial microstructure, the reducticxi in 
grain aspect ratio or grain coarsening can dominate. It 
appears that specimens with smaller grains are more 
susceptible to grain coarsening as compared to those having 
larger grains for a given grain aspect ratio especially in 
the higher test temperature range, in ccxitrast, reduction 
in grain aspect ratio without much coarsening leading to a 

observed more ccxtincnly at lower test 


drop in flow stress is 



temperatures, in some cases, these two effects cancel each 
other leading to a constant flow stress that is independent 
of strain, but with a distinct change in microstructure. 

The flow stress is thus observed to be dependewt on 
strain, unlike the normal high temperature steady state 
deformation where the flow stress is not a function of strain. 
If the deformation is only of the order of a few percent at 
each cross head speed of the Instron machine in differential 
strain rate tests meant for determining the strain rate 
sensitivity index and flow stress at various strain rates, 
the strain effect on the data thus obtained may not be 
noticeable at all. such data are representative of transient 
or pseudo-steady state behaviour rather than the steady state 
deformation that is characteristic of high temperature 
creep. A manifestation of this pseudo-steady state 
behaviour is the wide difference in the stress-strain rate 
data obtained from the first and subsequent cycles of 
deformation in a differential strain rate test. The non- 
steady state or transient nature of deformation in the as 
worked state of several fine grained materials has also 
been reported by Suery and Baudelet [65] . 

The as worked material did exhibit high strain 
rate sensitivity of flow stress (region II) followed by 
lower strain rate sensitivity regicn at higher stresses 
(region III). Because of the pseudo-steady state or 
transient nature of their def ormaticsn, the flow behaviour 
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of thesy spycimens is mory complox involving strain 
depyndency of flow stryss and microstructural yvolution. 
Accordingly thy usual constitutive yguation typical of 
supyrplastic materials in region II , where flow stress is 
a function of e , T and d, is inadequate in the as v^orked 
state. These aspects of the deformation involving evolution 
of microstructure towards an equiaxed one have been pointed 
out by Suery and Baudelet [es]. 

In the present study, equiaxed microstructures were 
produced in the as worked state by special processing 
techniques and also by a long annealing treatment of the 
worked alloy. It is noteworthy fron the results an the 
mechanical behaviour of such equiaxed specimens that their 
deformation behaviour is also of non -steady state type. 
Although mechanical isotropy is found to be characteristic 
of these equiaxed microstructures, the strain effect could 
not be eliminated even with such microstructures prepared 
by either of annealing treatment of as worked alloy or of 
changes in direction of working of the cast alloy. Softening 
or hardening of these specimens with increasing strain is 
noticed depending on the temperature of deformation and 
strain rate. Thus the steady state flow behaviour is not 
simply achieved by having an equiaxed microstructure alaie. 
Another important aspect of the flow behaviour of the equi— 
axed microstructures in the as worked caaditicn is that 
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the flow stress of such specimens increases by a short time 
annealing treatment without any noticeable change in the 
grain size due to this annealing treatment. This is also 
true for specimens with elongated grains which had no 
indication of microstructural change. 

This increase in flow stress due to short annealing 
of specimens without any accompanying change in grain size 
is possibly due to changes in the structure of grain or 
interphase boundaries as a result of the annealing treatment. 
The changes in the density of grain boundary ledges and 
micro-segregation of the solutes at the grain boundaries 
are likely to be the structural features of the boundaries 
that may be affected by the annealing treatment. In the 
as worked state irrespective of the shape of grains the 
regions near the grain boundaries can possess higher 
dislocation density. These dislocations may play an 
important role in the high temperature deformation. On 
annealing/ these dislocations may be absorbed in the boundary/ 
leading to an increase in height or density of grain 
boundary ledges. With progress of deformatiai/ these grain 
boundary regions may becone smooth leading to a ccaistant 
flow stress level that is characteristic of steady state. 

Another factor that may affect the flow stress 
due to the annealing treatment is as follows. The 
solubility of Sn in Pb decreases from lo;©^wt .JfeiS* at 150 C 
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to about 2 wt.% sn at room temperature. On cooling to room 
temperature after annealing at a high temperature ^ the 
supersaturated solid solution is obtained. Turnbull and 
Treaftis [ss] have observed that an extremely rapid cellular 
precipitation, largely along grain boundaries, can drain at 
least 60% of the excess tin from the supersaturated phase 
within a few minutes at roan temperature. This may conse=- 
quently increase the strength of the alloy over that of the 
as worked state . 

Determination of m involves ratio of loads (or 
stresses) at two cross head speeds (or strain rates). The 
stress values at constant temperature depend not only on 
strain rate but also on strain in the as worked alloy. This 
dependency on strain through microstructural instability is 
also a function of strain rate and therefore m can somewhat 
be a complex function of these variables. The value of m 
thus calculated may show higher or lower value than that for 
steady state depending on which of the effects (softening 
or hardening) is dominant and to what extent these are 
dominating at the two strain rates under consideration. 

For example, it is reported [86] in Ti“6 Al-4 V alloy as 
a result of hardening by concurrent grain growth, the 
strain— rate sensitivity decreases with strain, similar 
argument also explains the difference in activation energy 
value k The activation energy determination at constant 



stress involves ratio of strain rates at two temperatures. 

If the microstructural and mechanical instabilities persist 
at these temperatures the corresponding strain rates are 
likely to be higher or lower depending on softening or 
hardening respectively to different extents depending on 
test temperatures. Thus the activation energy v'alue will 
bo different from that obtained from steady def oritiat:^^^ 

The activation energy thus calculated will also depend on 
the temperatures involved in estimating it, ^ Cu-P 

alloy/ the activatioi energy value has been reported [87] 
to increase by 80% due to the microstructural a-nd mechanic^^ 
instabilities, similarly/ the grain size dep>endency of 
stress or strain rate will also be affected loy the mi 
structural instabilities depending cn the te^sb v ri 


involved. 

From the present results cn the parameters of the 
constitutive equations of specimens having ecjuiaxed g 
with and without standard prior tensile prest-t ’ / * h 

be seen that m, p and Q values differ to the ^ 

20%. ThuS/ because of the non-steady state <aefetm f of 
even the equiaxed microstructures / different 

can occur. 

values of various parameters to this ext 
On the other hand/ if specimens having ^ 

in the as worked state are used for obtaining the para- 
meters of the constitutive relations without giving y 
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prestrain y the differences in values thus obtained are likely 
to bo even more significant from the viewpoint of assessing 
tho various operative mechanisms. 

It can also be noted thaty in contrast to the 
suggestion of Rai and Grant [69] y and Suery and Baudelet 
'[65] y no indication for a change in slope of the stress- 
strain rate plots representative of regicn I behaviour is 
noticed in the present observations inspite of tho micro- 
structural instabilities observed in the as worked alloy. 
ThuSy it appears that microstructural instability cannot, 
in general y be responsible for regioi I of the stress-strain 
rate plots . 

The results of this investigation relating to 
checking the uniqueness of stress-strain rate relation 
during superplastic flow, indicate that if the microstructure 
is stable and equiaxedy the flow stress is independent of 
tho cross head speed of the tensile testing machine or the 
gauge length of the specimen. ■ irrespective of the cross 
head speed and thus the path through which a particular 
strain rate is achieved y the stress is observed to be 
uniquely dependent on strain rate. The effect of 1 g 
strain as well as the path through which a given strain 
rate is achieved on stress-strain rate relation in 
superplastic region has been widely explored in this study. 
The results of these tests confirm the uniqueness of 
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stress— strain rate relation as long as the microstructure is 
stable and cquiaxud . The conditions of microstructural 
stability and equiaxed initial microstructures are better 
attained by giving some standard prior deformation to the 
hot worked alloy sp^^cimens. If specimens in the as worked 
state are directly used to obtain stress-strain rate 
relation, the uniqueness is violated to the extent of 
microstructural variations due to strain and in these 
situations the strain is to be considered as a variable in 
the constitutive equation. But for the strain effects 
through microstructural instability, the cross head speed 
effects of the kind observed by padmanabhan et a^ f7o] were 
not evident even with specimens in the as worked state 
directly. It iu also evident from the present results that 
the gauge length to diameter ratio of tensile specimens 
has no influence on the g - e relation. 

The psoudo-steady state behaviour of the as worked 
microstructure loads to stress being a multivalued functican 
of strain rate bringing about the necessity of including 
strain as a variable in the constitutive equaticxi. In 
order to obtain a true steady state behaviour it is 
essential to prestrain the def ormaticai processed material 
in an appropriate manner. The unique stress-strain rate 
relation is a characteristic of high temperature steady 
state deformation. The non -uniqueness of a = e relation 
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reported in tho literature [70-72] may be minimized to a 
groat oxt^-mt by prestraining these specimens before 
obtaining the o’ - e data. 

^ ^ ON THE MECHAI'JISMS OF DEFORMATION IN REGIONS II AND III 

The present results are based on the steady state 
deformation of the Pb-Sn eutectic alloy with mechanical and 
microstructural stability. In view of the relati-O’ely 
coarser grain size used in this investigation and the 
precautions taken in stabilizing the microstructure by prior 
tensile deformation and suitable annealing/ the grain size 
has been observed to be stable upto--' elongations over 100% 
in region II with a slight coarsening at larger elongations. 
Thus / the present data of region II are truly representative 
of steady state deformation rather than the pseudo-state 
that is characteristic of many of the previously reported 
results on this alloy. Because of the constancy of grain 
size during deformation in region II, it is not necessary 
to consider either the evolution of microstructure or the 
strain in obtaining the constitutive equations for flow. 

In the investigated ranges of temperature, grain size and 
strain rate, only regions II and III’ are observed. Although 
there is some indication towards the occurrence of regiai I 
in some cases, this region could not be studied in detail 
because of the inapplicability of stress relaxation method 


I 
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at high temperatures in covering strain rate range below 
-5 -1 

about 10 sec . The present observations in regions II 
and III reveal some new features in addition to supporting 
the characteristics brought out by previous studies. It 
may be seen that the rate sensitive superplastic flow is 
observed even in specimens having a grain size of about 
32 |im (mean intercept length of 18,5 fim) and thus the super- 
plastic flow is not restricted to grain sizes below 10 {j.m 
as commonly reported, in other words, the grain size effect 
is dominant in steady state deformation even at these 
relatively coarser grain sizes. It is worthwhile to compare 
the present results with those of the previous investigations 
before assessing various deformation mechanisms that are 
operative in regions II and III. These canparisons are made 
below in the two regions separately for convenience. 

4.3,1 Comparison of the Present Results with the Existing 
Data in Region II 

The c - i data for the wider range of grain size 
and temperature show that the region II extends over two 
orders of magnitude of stress and strain rate with a 
constant strain rate sensitivity index over this range. 
Hence, it cannot be simply treated as a transition regican 
between the other two regions. The comparison of different 
parameters of the constitutive equation between the present 
and previous investigations can be seen from Table 15. 
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TABLE 15 

Comparison of Experimental parameters 'of constitutive 
Equation in Region II for the Pb-sn Eutectic with 
Earlier Investigations 


Investigator 


Avery and 
Backof en 

Martin and 
Backof en 


Zehr and 
Backof en 

Cline and 
Alden 

Avery and 
Stuart 


0.5 0.59 


0.55 


26-170°C 0.5»0.7 2=.3 

I 

0-&0°C 0,5 

-50 to 0.5 4 

+50°C 


Aldrich and 0-50 '’C 0.6 

Avery 

Baudelet and -44 to 0.45 

Suery +30'’c 

Geckinli and -5 to 0.4 

Barrett +71”C 

Mohamed and 63 to 0.6 

Langdon. 14 9 '’C 

* 

Present 25 to 0.6+ 

investigation 170'’C 


0.23 


1 

Q 

Ref . 

(pm) 

(kJ/mole) 


2.5- 

2.8 

- 

83 

1.0- 

4.1 

mean free 
path) 

88 

1.7- 

7.5 

- 

66 

2-10 

48+10 

89 

1.5- 

3.65 

47-75 

90 

1.38- 

6.10 

32 & 50 

91 

1 

48.2+2.1 

92 

3-11. 

7 45+5 

61 

3.3- 

8.3 

5'’.3+0.5 

54 

5.6- 

18.4 

44.7+1.1 
( <135°C) 



81.1+3.9 

(>135°C) 
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The strain rate sensitivity index is, observed to be indepen^ 
dent of strain rate and only slightly dependent on temperature 
and grain size. This observation is similar to that of 
Mohamed and Langdon [54], Most of the other investigations 
reveal that m is more dependent on sane or all of these 
variables. 

While the grain size exponent value of the present 
investigation is in the general range of the reported values, 
it differs from most of the reported values. For example, 
the p value reported by Mohamed and Langdon [54] is 2.3, 
whereas the result of the present study is 3.34. Many of 
the previous studies report a range of p value from 2 to 4, 
in some cases, there is enough scatter in the reported data 
that p may be anywhere in the range 2 to 4 for the same set 
of data. Because of the wider grain size range explored in 
this work and the precautions taken in stabilizing the 
grain sizes, the value of the present study is more repre= 
sontatlve of rogico II defotmaticn. The grain slzo exponent 
is observed to be independent of test temperature over a 


wide range . 

The reported activation energy values for Pb-Sn 

TT from 33 to 57 kJ/mole with the 

eutectic in region II vary trom 

exception of one Investigation where a value upto 75 
kJ/mole is reported depending on stress and temperature. 
All these except that of Mohamed and hangdcn are apparent 
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activation antirgiGs. The present investigation shows that 
there are two values of Q in region ll rather than the single 
value reported so far for the Pb-sn eutectic. Similar 
observations have been reported in the case of other super=- 
plastic materials. For example, in the case of Ni alloys 
[ 93 ], the activation energy in the higher temperature range 
is reported to be twice that of lower temperature range. 
Similarly chaudhuri [94] observed two different activaticn 
energies in the superplastic deformation of Zn=Al eutectoad 
alloy. The activation energy, Q =44.7 kj/mole, in the 
lower tomperatupe range below 0.89 Is similar to what 
has been observed by others and the activation energy for 
grain boundary diffusion in pureSn.The reported value of 
for pure ?b varies over a wide range, the upper value 
being similar to that of the observed Q. At higher temper- 
ature, above 0.89 Tj^, the observed activation energy value 
of 81.1 kJ/mole, is found to be significantly higher than 
the lower temperature value, but it is somewhat smaller 
than the activation energy for lattice diffusicai in pure Sn 
or Pb and also for impurity diffusicn of tin in lead. The 
various activation energy values that are available and of 
interest to the present study are listed in Table 16 in 
order to facilitate comparisons with the present experi- 


mental data. 
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TABLE 16 

Activation Enyrgy values for Diffusion, Creep and Grain 
Boundary sliding in Sn, pb and Pb—Sn Alloys 



T — 

Activation Energy (kJ/mole) 



! Sn 



i ?b 

1 

; Pb-sn 

f _ 

Qi 

106.2+3.8* 

107.5+1.0* 

100.6* 

(0-2 at.% sn) 

^gb 

40.0+2.9* 

1.72+3.5 to 38.2+12. 
(120-222°C) 

65.8 (214-260°C)* 

1* 

^gbs 

79.6 [95] 

54.5 to 108.9 [95] 

- 

^c 

46.0(T/Tm< 0. 
109.2(T/Tjj^> 0 

!8)M 116.9 

100.6 to 

117.3 [97] 
(4.4 to 19*4 
ot.% Sn) 


* Fran ref oronce [82] . 


It is interesting to note that the activation 

energy for steady state creep of pure tin is 46.2 kJ/mole 

in the temperature range of 0.6-0. 8 ( 30°c-131°c) where 

T is the molting point of Sn in K and it increases to that 
m 

of self diffusion in tin at temperatures above 0.8 
whereas the activation energy for creep of pure lead is 
closer to lattice diffusion activation energy at temperatures 
above 0.6 (87°C) where is the meltrng point of lead 

in K. in the case of tin, the activation energy for self 
diffusion becomes equal to that of lattice diffusion only 
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at temperatures above 0.8 T^. m the present investigation , 
the activation energy for deformation in region ll is equal 
to that of grain boundary diffusion upto about 135°C/ which 
is also about 0.8 of pure tin. Above this temperature, 
the activation energy for deformation is found to be lower 
than the self diffusion activation energy for tin. It may 
also be noted that the activation energy for deformation in 
the high temperature region is very similar to the grain 
boundary sliding activation energy in pure tin. The higher 
temperature activation energy may also be a consequence of 
diffusion through the interphase boundaries, as it has been 
generally observed to be larger than grain boundary 
diffusion activation energy [98] . 

Direct comparison of A with the earlier investi- 
gations is not possible due to lack of appropriate data for 
this purpose. However / the present value of A seems to be 
significantly different from the value that can be calculated 
from the previous data. 

4.3.2 co mparison of the Present Data With Theoretical 
Predictions in Region II 

To 'assess the operative mechanisms in the super- 
plastic region, the parameters of the ccnstitutive equations 
n, p, Q and A determined from the experimental p - s data 
are canpared with those predicted by theoretical consi- 
derations. This comparison based on present experimental 
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results and the values listed in Table 1 for different models 
are discussed below. 

Among all the n values of the proposed -imech an isms, 
the value of n = 2 remaining constant over a wide range of 
strain rate in region li is closer to the present data. 

The models of Ball and Hutchison and Mukherjee predict this 
kind of behaviour. The model proposed by Gittus also 
pre'dicts a similar value of n but it remains constant only 
at a stress level well above the threshold stress. All the 
other models excepting the n-H and coble diffusional flow 
mechanisms predict a continuous change in n value with a 
limiting value of I, which is inconsistent with the present 
(T - e behaviour. The N-H and coble mechanisms have the 
drawback of predicting a valud of n = 1 in explaining the 
present data. 

The grain size exponent prediction of 3 has been 
made only for the coble mechanism and has been incorporated 
in the Ashby and verrall model, in the latter case, the 
value of p = 3 is predicted under conditions where the 
grain boundary sliding is accommodated by coble diffusicxial 
flow. The present value of p is closer to these predicticxis . 
All the other models predict a value of p = 2, which is 
not supported by the present results. 

In the case of activaticn energy for def orraaticxi, 
all mechanisms except the N-H diffusional flow predict a 
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value which is equal to the grain boundary diffusion acti- 
vation energy, on the other hcnd^ N-H mechanism end Ashby 
arid verrall mechanism in the situation in which N“H diffu- 
sional flow is die accommodation process/ would lead to 
lattice diffusion activation energy. ThuS/ in the case of 
diffusional flow, the diffusion path can change over from 
grain boundaries to lattice on increasing the temperature 
leading to an increase in activation energy. Ashby and 
verrall considered both the diffusional paths for accanmo- 
dation of GBS and arrived at the effective diffusion 
coefficient combining both grain boundary and lattice 
diffusion coefficients. Accordingly, the effective diffusion 
coefficient can be dominated by the grain boundary diffusion 
at lower temperatures and lattice diffusion at higher 
temperatures closer to the melting point of the eutectic 
alloy. In order to determine whether the observed change 
in activation energy is due to the doninance of lattice 
diffusion at higher temperatures, the various diff usivities 
for Pb, Sn and Pb-Sn eutectic alloy for two typical temper- 
atures and grain sizes are listed in Table 17. It can be 
seen that even at 0.97 homologus temperature of the 
eutectic alloy (170°C), the effective diff usivities are 
dominated by the grain boundary dif fusivities and thus it 
appears that the observed increase in activation energy 
for deformation at higher temperatures cannot be attributed 



various Diffusion Coefficients of Sn^ Pb and Pb-sn Eutectic Alloy at Two Temperatures 
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to the lattice diffusion. The dominance of the grain 
boundary diffusion even at 170“c is because of the finer 
grain size of this alloy and relatively lower honologus 
temperature for Pb or Sn. Further, the observed activation 
energy in the high temperature range is significantly lower 
than the self diffusion activation energy for pure Pb or Sn, 
Thus the observed increase in activation energy suggests a 
change in mech^ism other than the change in accommodation 
process from grain boundary to lattice diffusional flow for 
grain boundary sliding as per the model of Ashby and verrall, 
l£ it were a change in accommodation process of diffusional 
flow from Coble to N-H mechanism for GBS , there would be a 
corresponding change in the grain size exponent along with 
the change in activation energy. But no such change in 
grain size exponent is observed. 

Further, the value of A is in disagreement with 
the predicted value of any of the mechanisms. In fact, it 
is surprisingly closer to that of the usual dislocation 
climb controlled creep. Thus it is evident, from a compa- 
rison of individual parameters of the constitutive equations 
predicted by different models with the experimental ones 
of the present work, that none of the mechanisms shows 
one to one correspondence with the experimental results. 
However, in the lower temperature range (a>135°c) models 
by Ball and Hutchison, Mukherjee, and Gittus are in better 
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agre.:,'in.-nt with the present results, as far as the various 
parameters of the constitutive relations are concerned. 

Alternatively, direct conparison of 0 - e behaviour 
predicted by different mechanisms with the observed behaviour 
can be made to further assess the applicability of different 
mechanisms to the present results. For this purpose two 
typical grain sizes are considered at test temperatures in 
the lower as well as upper range, m the calculation of 
a - e data by different mechanisms, the intercept lengths 
and shear modulus were used, wherever necessary as per the 
theoretical constitutive relations, in the case of a few 
typical mechanisms, the predicted datfx are shown against 
the observed data in Figure 55 . For the Ashby and Verrall 
model, the threshold stress has been neglected because of 
its small value. The grain boundary diffusion activaticn 
energy has been used in place of interphase diffusicn acti= 
vation energy in calculating the 0 = 0 data fran the model 
of Gittus. Since the n-H diffusional flow gives rise to 
stresses that are several orders of magnitude higher than 
the observed ones in the strain rate range of interest, 
the predicted data from, the N-H mechanism are not included 
in the above plot, similarly, the coble mechanism also 
yields much higher stresses than the observed oies. In the 
case of Ashby and verrall model, the strain rate is about 
an order of magnitude faster than the experimental value ' - 
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in thG lower range of strain rate. This discrepancy is 
observed to reduce with increasing strain rate and temperature 
and decreasing grain size. The agreement seems to be better 
at the highest strain rates of the region II under the inves- 
tigated conditions, it is interesting to note that predicticns 
made by Gittus model are in better agreement with the 
observed a - t data in the smaller grain size range, in 
the case of larger grain size all the models seem to 
predict faster strain rates than the observed aies. The 
models proposed by Ball and Hutchiscai, Mukherjee and Gif kins 
resemble with the model of Gittus except for a slight 
difference in A and therefore lead to a similar result. 

Because of this similarity, the data calculated by these 
models are not shown in Figure 55 and their agreement with 
the experimental data, can be examined by means of the model 
of Gittus . 

Another model that is of interest in this ccnnec- 
tion is due to Hayden et al [93]. In this model, the 
diffusional flow, grain boundary sliding accanpanied by 
dislocation creep and direct dislocaticn creep are considered 
as independent mechanisms contributing to high temperature 
steady state deformation . In the case of fine grained 
materials, the grain boundary sliding accompanied by dis- 
location creep would be the dominant mechanism with the 
constitutive relation given by 



where is an empirical constant# 'i) the Poisscn's ratio. 
Dp the dislocation pipe diffusivity, the lattice dif£u= 
sivity, cr^ the threshold stress either that necessary to 
nucleate a dislocation from a grain boundary source or the 
lattice friction stress and the temperature at which the 
rate controlling process changes from pipe to volume 
diffusion . 

This mechanism is basically similar to those of 

Ball and Hutchison, Mukherjee, and Gittus which involve 

grain boundary sliding accommodated by dislocation creep. 

It predicts that n = 2, p = 3 and Q = when g ^ 

T ^ T / whereas n = 2, p = 2 and Q = Q at T T . in the 
c V 

lower temperature range, this mechanism predicts a value of 
p = 3 unlike the other similar models which predict a value 
of p = 2. The overall o - £ data can also be compared on 
the basis of this model of Hayden et al as shown in 
Figure 55 and the agreement is similar to that of Gittus 
model. 

It is also possible to determine the temperature 

T at which the transition from pipe diffusion to volume 
c 
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diffusican takes place using the diffusiai data of pure Pb or 
Sn and it turns out to be well above the eutectic temperature 
of the Pb-»sn system. Thus it is unlikely that the higher 
activation energy in the higher temperature range of the 
present observations can satisfactorily be attributed to the 
change in the accommodation mode of dislocation creep from 
pipe diffusion to volume diffusion. 

Thus, none of the existing models agrees with the 
present set of data in region li over the whole range of 
grain size, temperature and strain rate that has been studied 
in the present investigation. So far, all the existing 
models of superplasticity have been based on the widely 
reported values of p = 2 and Q = in regicxn II. Since 
the present data differ fron these values, the existing 
models are inadequate in explaining the present observations. 
The present results further suggest that there is a 
distinct change in the operative mechanism in region II 
above (\/ 135°c. Hence, there is a need to evolve alternate 
models that may be more satisfactory in accounting for the 
present results. 

4.3.3 Behaviour in Region III 

The a - e behaviour in region III shows that the 
full development of this region is dependent on the grain 
size and temperature in the investigated strain rate range. 
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For the smallest grain size regicn III is present only to a 
slight extent at room temperature whereas it is not prominent 
in the investigated strain rate range at higher temperatures. 
For the largest grain size, on the other hand, even at 170°C 
the region III is prominent. This region extends to more 
than two orders of magnitude of strain rates at lower temper^ 
atures in larger grained specimens. This observaticn agrees 
with other investigations on this and other alloys. So far 
in the literature, there has been no detailed study of 
region III in the Pb-sn eutectic alloy. The strain rate 
sensitivity index, m = 0.09 (or n = 11.1) which is ccsistait 
in region III, irrespective of grain size, temperature and 
strain rate, agrees with earlier reports on this alloy [83] 
and corresponds to conventional plasticity [26]. Scsnetimes 
higher values of m have been reported which may be represent 
tative of transition region between regions II and III 
rather than the fully developed region III. There is no 
reported value of the grain size exponent for region III in 
the Pb-Sn eutectic in order to compare with the present 
value of IjO,. The earlier data [99] on Zn=22% Al tended 
to indicate an independence of grain size, p = O, in this 
region. Recent work by Shei and Langdon [lOO] on a 
quasi single phase copper alloy confirms the grain size 
dependency for high temperature deformation of fine grained 
material in region III and the value of p reported to be 
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1.2 is claimed to be more reliable. The result of the 
present investigation supports the existence of grain size 
dependence in log cr - log e data in region III. Although 
several investigations have been carried out on high temper- 
ature deformation in the Pb-sn eutectic, the attention 
towards evaluating absolute magnitude of activation energy 
in region III for this alloy appears to be scarce. The 
present value of activation energy in this region, lOO kJ/ 
molBy is similar to that reported for creep in Pb~Sn 
alloys [ 97 ] and so also to the lattice diffusion for pure 
Pb or Sn . This value is further similar to that for creep 
of pure Pb above 0,6 T.^ (110 kj/molc). Although the present 
value of activation energy is ccxnparable with that for creep 
in pure Sn it appears that the agreement is valid above 0.8 
homoiogus temperature of Sn only but not in the lower 
temperature range involved in this work, since below this 
temperature the grain boundary diffusion is reported to 
control the creep behaviour in pure Sn, The existence of 
one value of activation energy in region III, unlike region 
II, for the whole range of temperature suggests, that the 
Pb-rich phase may play a more important role in regican III 
inspite of the large volume fraction of Sn in the eutectic 
alloy. 

The overall features of regicai III including the 
observed grain elongation are in general agreement with the 
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dislocation creep model. However, there are important 
differences between the present observations and the predic- 
tions of the dislocation climb controlled recovery creep. 
While the activation energy for deformation is equal to the 
lattice diffusion activation energy as per the recovery 
creep theory, the high stress exponent and the grain size 
exponent p = 1 differ significantly frann the prediction of 
the theory. Typical parameters of dislocation climb 
controlled steady state creep are p = 0 and n = 4-5. 
Especially the observed mild grain size dependency in 
regicai III is in sharp contrast with the prediction of the 
theory that the behaviour is independent of grain size, 
Gifkins recovery creep model [55] which is based on grain 
boundary sliding accommodated by dislocation movement in 
triple point folds predicts a grain size exponent of 1 and 
the present result is in agreement with this theory. 

Further the dimensionless constant A predicted by the 
Gifkins model with the grain size taken as the subgrain 
size due to the small grain size and as 1 cm, is also in 
good agreement with the present obsem'ations . Only the 
observed stress exponent is about twice the predicted 
value. This discrepancy in the stress exponent can be 
reduced by considering the effective stress rather than 
the applied stress. Thus the Gifkins model for region III 
is in reasonable agreement with the present observations. 


4 .4 INTERNAL STRESS DATA ANFD THE MECHANISMS OF DEFORMATION 
IN REGIONS II AND III 

4.4.1 On the Measurement of Internal stresses by the 
S tress Olp Test 

In the case of high temperature deformation the 
internal stress can rapidly change with time during the 
course of its measurement because of recovery effects. The 
internal stress is to be viewed as a value representative 
of the dynamic situation of deformation. Hence # the measure- 
ment of the internal stress should be carried out in as 
small an interval of time as possible frcm the steady state 
deformation condition for which the internal stress is 
being measured. If not^ there can be serious errors in its 
measurement. It is for this reason that ccntinuous 
relaxation tests or intermittent unloading during the 
relaxation test to attain a zero load relaxation rate would 
not yield reliable internal stress values. The stress dip 
test is a better method for this purpose because of no 
more than a time of one second is involved in unloading 
from the steady state stress to achieve zero relaxation rate 
condition. Recently, Tcma et al [lOl] have proposed an 
extrapolation method of measuring the internal stress in 
high temperature deformation to further minimize the small 
errors of the stress dip test. In the present investigaticxi . 
only the stress dip test was adopted and hence it is 
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possible that the present data of internal stresses might 
represent slightly lower values than those obtained by the 
extrapolation method. 


Another aspect that is to be considered in internal 
stress measurement is the anelastic effect in the high 
temperature deformation. Since the anelastic effect is 
dominant in the high temperature stress relaxation behaviour 
of the Pb-Sn eutectic alloy, it is of interest to know 
whether the internal stress measurement by the stress dip 
test is influenced by the anelastic effect. The extent to 
which the anelastic effect is important in the determination 
of internal stress can bo assessed by means of the rheolo- 
gical model (Figure 25) due to schneibel and HazzJ.edine [80]. 
The internal stress measurement by the stress dip test 
involves sudden unloading to a stress level at which the load 
relaxation rate becomes zero. In the absence of any 
anelastic effect, the stress level at which the load 
relaxation rate is zero would be a measure of the internal 
stress. When the applied stress is just equal to or below 
the internal stress.- the nonlinear dash pot representing 
the superplastic behaviour would not undergo any deformation 
in the relaxation test. This is indicated by the constancy 
of the stress in the relaxation test by the stress dip 
method, when the an^jlastic element is present along with 
the elastic and superplastic elements, on sudden unloading 



in the stress dip test there could be contraction of the 
anelastic element and in some cases the rate of contraction 
of the anelastic element may just be equal to the rate of 
extension of the nonlinear dash pot leading to an overall 
effect of zero relaxation rate. In this situation, the 
stress corresponding to the zero relaxation rate in the dip 
test would erroneously be identified as internal stress and 
the extension rate of the superplastic element is not really 
zero. In order to assess this kind of effect due to anelas- 
ticity, the following method is being suggested here, if 
the anelastic element is loaded to a fetress cr^ for a 
sufficiently long time to attain the corresponding equili- 
brium strain and then suddenly unloaded to a stress c, the 
instantaneous contraction rate of the anelastic element is 

given by r; . If this matches with the instantaneous 

^ a 

extension rate of the superplastic element (~) , then the 

stress relaxation rate would be zero even though the stress 

6 does not correspond to the internal stress. In other 

words, the initial relaxation rate following sudden 

unloading can be written as 


a = 




( 26 , 


which will be zero if (— ) 


although a is not the 


internal stress. In order to check the influence of 


anelasticity in the measurement of internal stresses by 
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thfc:! stress dip test^ it is thus necessary to have experi-- 
mental data of anelastic relaxation times for different 
grain sizes of the Pb-Sn eutectic alloy at various temper- 
atures. Such data being available only for room temperature^ 
it was possible to consider this effect in the lower 
temperature range of the present investigation and the 
anelastic effect seems to be unimportant under these 
conditions. In the higher temperature range, its role 
could not be assessed properly due to lack of appropriate 
anelastic data. Further comments on comparisons and inter- 
pretations of the internal stress measurements are based cn 
the assumption that there is no significant influence of 
anelastic effect in the measurement of internal stresses 
even at higher temperatures. 

4.4.2 Comparison of the Present Data with Earlier 
Investigations and comments cn Mechanisms 

Not much work has been reported on internal stresses 
in superplastic materials. Some studies incorporating only 
a few aspects of internal stress are available in region II. 
The present worV. , therefore, was aimed at obtaining 
constitutive equations on the basis of effective stress. 

In the case of the Pb-sn eutectic there have been 
no more than two investigations which report internal 
stress data. Therefore the present results are conpared 
with overall existing reports on this aspect of superplastic 



materials in general. As seen in Chapter III the internal 
stress increases with increasing strain rate in region II 
and is a decreasing proportion of the applied stress corres- 
ponding to these strain rates of on strain rate in this 
alloy. Similar observation is reported in Al-cu alloys 
[103] and in a superplastic Mg alloy [lC 4 ] . The ratio 
a. /a is normally reported to be more than 5 C% over a wide 

^ [105] 

strain rate range in region II except in Al-bronze/where the 
internal stress is found to be /v 4 . 5 - 9 . 7 %. The present 
observations also indicate that the internal stress is a high 
fraction of the applied stress. The observation that the 
internal stress is independent of strain at all strain 
ratesi is different from that observed by Geckinli and 
Barrett [1O6] in Pb-sn eutectic. In their investigation the 
internal stress is reported to depend on strain in the same 
manner as the applied stress and the ratio a^/a was 
independent of strain. Such a strain dependency indicates 
the existence of microstructural and mechanical instabilities. 1 

I 

In the as worked state, the present observations also 
indicate such a strain dependency of internal stresses. 

After standard prior deformation, no such strain effects 
are noticed. 

The observed decrease in the ratio with 

increasing temperature for any particular grain size is 
similar to that reported in the superplastic Al-cu eutectic 


i 
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alloy [I 03 ] . The value of the strain rate sensitivity 

index, , based on the effective stress, which is close to 

unity is also similar to the observation reported in the 

Al~cu eutectic alloy. On the other hand, m. is noted to be 

' 1 

high indicating that the internal stress is also strain 
rate sensitive but to a lesser extent than that of the 
effective stress. This result is in variance with the 
reported observation in Al— cu alloy that the internal stress 
is relatively strain rate insensitive. Thus cn the basis 
of the present results, the internal and effective stresses 
cannot directly be identified with the strain rate 
insensitive and strain rate sensitive parts of the applied 
stress respectively. 

The present internal stress measurements can also 
be compared with those of Furushiro and Hori [102] based on 
the extrapolation technique to minimize the dynamic recovery 
effects. Because of the similarity in these results, it 
appears that the error in the internal stress measurement 
by the direct stress dip test is not too significant in the 
data of region II. Moreover, the observed one to cne 
correspondence between the strain rate before and at the 
start of the relaxation test in the present investigation 
would also indicate that the internal stress is sonewhat 
lower than the applied stress. Hence the underestimation 
of the internal stress by the direct stress dip test 
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rather than the extrapolation technique does not appear to 
be too serious at least in region II. 

In region III, there is only one reported internal 
stress measurement in the Pb-sn eutectic alloy at room 
temperature, Furushiro and Hori fl02] report that at room 
temperature the ratio o^/o is close to unity, whereas the 
present value at room temperature is 0.9. But it is 
significant to note that this ratio decreases rapidly with 
increasing temperature as shown by the present results. 

Since the internal stress measurements were only 
possible in the temperature range lower than rj 148^0, 
ccmments on mechanisms can be made only for the lower temper- 
ature range of the present investigation. On comparing the 
parameters of the constitutive equation based on the 
effective stress in region II with those of different 
mechanisms, it is evident that they are in better agreement 
with those due to the model of Ashby and verrall. Further, 
the overall effective stress versus strain rate data for 
various grain sizes can be ccmpared with those due to the 
model of Ashby and verrall by using the effective stress 
in place of the applied stress in the theoretical relation. 
Such a comparison is shown in Figure 56 which shews good 
agreement between the theoretical and observed data for a 
wide range of grain size and temperature . it may be noted 
that in the theoretical predicticn based on the effective 






stress, the threshold stress is essentially replaced by 
the appropriate internal stress which is not a constant 
unlike the threshold stress but depends on strain rate, 
temperature and grain size. Similar comparisons with other 
models based on the effective stress were found to yield more 
discrepancies between the predictions and the experimental 
data. The agreement between the experiment and the Ashby 
and Verrall model based on the effective stress suggests 
further that the flow mechanism in region II is grain 
boundary sliding accommodated by the coble diffusicnal flow. 
This might also imply that the effective stress rather than 
the applied stress is the parameter that is to be considered 
for stress directed diffusional accommodation. 

In order to assess the mechanism of deformation in 
region III, it is of interest to consider the internal 
stresses in the usual dislocation creep of the pure metals 
and alloys. In the recovery creep region of pure A1 ClOl] , 
it has been shown that the internal stress is measured to be 
nearly equal to the applied stress by the extrapolation 
technique . Further it has been shown that the ratio cr^/h 
is smaller than unity if the internal stress is measured 
by the usual stress dip test and this difference is because 
of the dynamic recovery which is rapid enough to give rise 
to lower internal stress in this case. In region III of 
the Pb-sn eutectic alloy, the internal stress is found to 
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be a smaller fracticn of the applied stress except at 25 °c. 
This observation differs from those of recovery creep regim 
in pure metals, it is not known whether the discrepancy is 
because of the usual stress dip test adopted in this case or 
any other factor and it can only be resolved by further 
internal stress measurements in region III of the Pb-Sn 
eutectic alloy by the extrapolation method. On the other 
hand, the internal stress becoming a smaller fracticn of the 
applied stress at higher creep rates has been reported in 
the case of Al-Mg alloys [l07] , by means of the extrapolatio" 
method. This behaviour of Al-Mg alloys where the creep is 
controlled by the viscous glide of dislocations is similar 
to the present observations in region III. Thus the issue 
whether the recovery creep models are applicable to region 
III can only be clarified by further measurements of 
internal stress in superplastic materials. The observed 
decrease in n from a value of 11 to 4 or 5 on the basis of 
the effective stress in region III is in agreement with the 
recovery creep models. However, the usual recovery creep 
model is not directly applicable to region III, as 
discussed earlier. The Gifkins model [55] which incorpo- 
rates the grain size effect appears to be more suitable for 
the flow behaviour in region III, 



4.5 NON ~EQUI AXED MICROSTRUCTURES 


Because of difficulty of etching grain boundaries 
in two-phase structures^ the distinction betv/een two 
sources [27] of grain elongation, viz. (1) each grain may 
have grain aspect ratio greater than unity, or (2) the grains 
having equiaxed shape may be preferentially connected to 
other grains of the same phase, is not clearly made in the 
literature. In the present work the first category has been 
referred as elongated grains while the second one is called 
banded structure . 

The existence of banded structures similar to the 
present one is common among many superplastic alloys 
[87, los] in the hot worked state. The origin of this 
structure seems to be the dynamic recrystallization of the 
initially elengated grains of each phase during hot working. 
The elongated grains have also been reported in the hot 
worked state in some alloys [68, 93]. Thus depending on the 
processing route adopted, either of the above structures are 
observed in the hot worked state. 

The important feature which distinguishes the 
non-equiaxed microstructures from equiaxed microstructures 
is the microstructural instability in the former during 
high temperature deformation. Superplastic deformation 
tends to eliminate these instabilities and the microstructure^ 
become equiaxed. The transformation of elongated/banded 
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structurtis into cquiaxed structures can be due to cumulative 
effect of dynamic recrystallization followed by grain 
boundary sliding and diffusional flow. It was seen in 
annealing of elongated/banded structures that long Pb-rich 
grains split into smaller ones along with penetration of 
Sn-rich phase grains in between them, while the process of 
splitting of elongated grains is very slow by the annealing 
treatment alone, it gets accelerated by high temperature 
deformation. Also the observed decrease in volume of grains 
during superplastic deformaticai suggests the break up of 
initially elongated grains by recrystallizaticn, grain 
boundary sliding and diffusion. Banded structures seem to 
undergo such microstructural changes more readily whereas 
under identical conditions elongated grains require higher 
strength and larger strains to reach a ccmmcn state of final 
microstructures. It is reported [1093 that elongated 
structures possess subgrains and high dislcxoaticn density 
which may eventually change to high angle grain boundaries 
during superplastic deformation. After this stage the 
elongated structure may resemble the banded structures. 
Subsequently, in both the structures grain boundary sliding 
and its associated rotation can lead to the removal of 
directionality exhibiting increase in interphase boundaries 
and decrease in grain boundaries in the microstructures. 

This evolution of more interphase boundaries by supejrplastic 
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deformation may be favoured for stable condition through 
lower interfacia] energy of the interphase boundaries in 
comparison to the grain boundaries of individual phases. 

This microstruotural change has been exploited to get fine 
scale equiaxed grains through superplastic deformation by 
some investigators [llo, iTl], These microstruotural changes 
resulting from deformation of banded structures or elcxigated 
grains are similar to the previous observations of this 
nature [68, 87, llO, 112], These microstructural changes 
are responsible for softening or hardening and eliminaticn 
of strength anisotropy. The mechanical anisotropy of 
specimens having elongated grains seems to be due to the 
greater difficulty of grain boundary sliding when the tensile 
axis is parallel to the grain elongation in ccmparison to 
the case where the tensile axis is at 45*’ to the direction 
of grain elongation. The break up of this eloigated 
structure is obser\’'ed to be more rapid when the tensile axis 
is at 45° to the direction of grain elongation. Similar 
mechanical anisotropy having higher and lower strengths in 
0° and 25° orientations respectively have been reported in 
the case of lamellar Pb-Sn eutectic alloy [84] . The 
reason for the anisotropic mechanical behaviour in the case 
of banded structures may be as follows. When the tensile 
axis is parallel or perpendicular to the bands, sliding 
is likely to be mostly either through Pb-Pb or Sn-Sn 
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grain boundaries. On the other hand, when the tensile axis 
is at 45'’ to the bands, the grain boundary sliding can also 
take place along interphase boundaries due to their favour ■= 
able orientation for the same. Because of the differences 
in sliding resistance of various boundaries in two phase 
alloys, variations in flow stress may thus be expected 
depending on the direction of loading relative to the bands. 
Eventually, the isotropy in mechanical behaviour seems to be 
achieved in all cases. 

The overall mechanical behaviour of these specimens 
is very much similar to those of as worked specimens 
discussed in section 4,1, However, the difference in seme 
features of superplastic deformation is brought more 
distinctly in the case of present elongated and banded 
structures. This is, in particular, the nature of variation 
of m with strain rate and strain . In the study of as worked 
materials m is found to be relatively constant, whereas in 
the present case of elongated and banded structures the 
variation in m as a function of strain rate and strain 
through repeated strain rate cycling is more significant. 
The activation energy does not seem to be much affected by 
the differences in microstructures. The overall mechanical 
behaviour of different initial microstructures has been 
COTpared by considering a - e data corresponding to 
identical test conditions. It is seera. that despite much 
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microstructural instability in such structures, there has 
been no evidence for the pseudo=.regicn I arising from this 
microstructural instability. On the other hand, the grain 
size estimation from cube root of the volume of grains or 
average of intercept lengths in three mutually perpendicular 
directions in equiaxed, elongated and banded structures 
seems to be useful in qualitatively relating the grain size 
to flow stress in all microstructures. However, quanti- 
tative correlation must involve grain shape especially, 
grain aspect ratio and other microstructural details as 
pointed out by earlier investigations [71, 72], Not many 
theoretical attempts were made in the literature to evolve 
suitable constitutive relations for such structures. Hayden 
et al [93 ] have modified their model to suit fibrous 
structures. But the predictions of this model do not 
favourably compare with the present experimental results. 
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CHAPTER V 

CONCLUSIONS 

(1) In the as worked state the Pb-sn eutectic normally 
exhibits eloagated grains leading to anisotropy in flow 
stress in proportion to its grain aspect ratio. In 
this state, irrespective of the initial grain shape 
including the equiaxed grains in scroe cases, mechanical 
and/or microstructural instability occurs resulting in 
a non-unique q - s relaticnship. Because of their 
transient or pseudo-steady state nature of deformation, 
the as worked material is not suitable fron the view- 
point of assessing the operative mechanisms of super- 
plastic flow jwhich are based on steady state flow 
behaviour. 

(2) Non-equiaxed grains tend to become equiaxed and 
achieve mechanical isotropy by superplastic deformation. 
The reduction in grain aspect ratio is more rapid at 
lower temperatures. This microstructural change results 
in softening. In the higher temperature range grain 
coarsening is more predominant and can lead to 
hardening during superplastic deformation. 

(3) Prior tensile deformation to the extent of about 30% 
elongation with or without annealing of the as worked 
alloy eliminates microstructural and mechanical 
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instabilities during subsequent deformation leading to 
a steady state deformation with unique a - i relation 
which is independent of the cross head speed and path 
through which a given strain rate is achieved. 

(4) Regions II and III have been observed in the steady 
state deformation of the Pb-Sn eutectic alloy having 
grain sizes in the range 9.7 p,m to 32.0 |im over the 
investigated temperature end strain rate range. Both 
these regiens are observed to extend over two orders 
of magnitude of strain rate. In region II/ the grain 
size is observed to be almost constant up to about 
100% elongation and at higher strains there is seme 
coarsening of grain size. 

(5) In region II, two distinct activaticn energy values 
are observed depending on test temperature. Below 

0.89 T this value is 44.7 +1.1 kJ/mole, whereas above 

m — 

this temperature, it is 81.1 + 3.9 kj/mole. The strain 
rate sensitivity index m is 0.6 + 0.1 and it is 
relatively insensitive to temperature and grain size. 
The grain size exponent p is found to be equal to 
3.34 + 0.23 which is independent of test temperature. 
The values of these parameters are affected by using 
effective stress to yield m - 0.82, Q — 33.5 kJ/mole 

(below 0.89 T ), and p -2.8. 
m 
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(6) The experimental results, on the basis of applied 
stress, are not in agreement with the analytical 
predictions of any of the models of superplasticity 
that have been proposed so far for regican ll. However, 
the comparison on the basis of effective stress 
suggests agreement with the Ashby and verrall model in 
region ll. 

(7) In region III, mild grain size dependency with grain 
size exponent p = 1.00 + 0.72 is observed. The 
observed activation energy is lOO +8.8 kJ/mole and 
the strain rate sensitivity index is 0.09 + 0.01. The 
strain rate sensitivity index based on the effective 
stress is in the range of 0,2 to 0.25. 

In this region, the experimental observations 
are in better agreement with the Gifkinsf. recovery 
creep model rather than the usual recovery creep 
models . 

(8) In the deformaticn of specimens -with banded structures 
or elongated grains, flow stress anisotropy and noi- 
unique b =■ e relation are observed. These non -equi axed 
structures evolve towards equiaxed grains during 
superplastic deformaticn leading to elimination of 
strength anisotropy. 
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(9) Stress relaxation test, as a means to collect 0 - e 

data in superplastic materials, finds limited utility 
due to the influence of anelasticity. Its feasibility 
depends sensitively on the grain size and test 
temperature . 
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